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 انخهٕد يٍ حشٚذ انكبزٚخٛت  انعضٕٚت انًزكببث ْٔذِ) 0-5(% يٍ ةبُسب كبزٚخٛت عضٕٚت ثيزكبب عهٗ ٚحخٕ٘ انٕقٕد
 نشزكبثا  ٚجبز قبٌَٕ انعبنى فٙ انبٛئت يُظًت أطذرث نذنك يعبنجخٓب، دٌٔ انجٕ فٙ إطذارْب ٚخى عُذيب انجٕ٘
 ٚخى حبنٙال انٕقج فٙ.  انًهٌٕٛ يٍ جشء 01 يٍ أقم إنٗ حزكٛشْب ٚظم أٌ إنٗ انكبزٚخٛت انًزكببث بًعبنجت انُفطٛت
 انًزكببث لإسانت انقذرة نذٚٓب نٛس انًٕاد ْذِ ٔنكٍ انحبفشة انًٕاد بٕاسطت انكبزٚخٛت انعضٕٚت انًٕاد إسخخلاص
 أخزٖ طزق إٚجبد سانج ٔيب كبَج  ٔانببحزٍٛ انُفظ بًظبفٙ نعبيهٍٛا أيبو طزٔحتوال انخحذٚبث إٌ.  انًعقذة انكبزٚخٛت
 حسخطٛع لا انخٙ) ٔيشخقبحّ انشٚج( انٕقٕد فٙ انًٕجٕدة انكبزٚخٛت انعضٕٚت نًٕادا دراست حى انبحذ ْذا خلال يٍ .بذٚهت
 انًٕاد لإسخخلاص فعبنت عضٕٚت يذٚببث دراست حى حٛذ.  حُقٛخٓب أٔ إسخخلاطٓب انًظبَع فٙ انًٕجٕدة انحبفشة انًٕاد
 فًٍ انكبزٚخٛت انعضٕٚت انًزكببث لإسخخلاص فعبنٛخٓب أربخج ٔانخٙ ٔيشخقبحّ انشٚج فٙ انًٕجٕدة انكبزٚخٛت انعضٕٚت
: إنٗ حٕطهُب انبحذ ْذا خلال
 انًهٌٕٛ يٍ جشء 001 يٍ أقم إنٗ انًهٌٕٛ يٍ جشء 8001 يٍ حزكٛشْب ٔحقهٛم انكبزٚخٛت انعضٕٚت انًٕاد إسخخلاص
 يٍ أقم إنٗ ٌانًهٕٛ يٍ جشء 4074 يٍ انذٚشل فٙ انكبزٚخٛت انعضٕٚت انًزكببث إسخخلاص ،نهذٚشل  يًبرم شكم يٍ
 بٕاسطت 1% إنٗ 3% يٍ انزقٛم انعزبٙ انشٚج فٙ انكبزٚخٛت انعضٕٚت انًزكببث حقهٛم ٔ انًهٌٕٛ يٍ جشء 003
 يٍ جشء 01 يٍ أقم إنٗ انذٚشل فٙ انًٕجٕدة انكبزٚخٛت انعضٕٚت انًزكببث حقهٛض أٚضب ٔحى. فٕرفٕرال يٛزبٚم
   ). حبفشة يٕاد ٔ فعبنت عضٕٚت يذٚببث(  يخخبنٛخٍٛ طزٚقخٍٛ بإسخخذاو انًهٌٕٛ
                                                                                   
  انًبجسخٛز درجت
  ٔانًعبدٌ نهبخزٔل فٓذ انًهك جبيعت
  انسعٕدٚت انعزبٛت انًًهكت  –انظٓزاٌ
  9002 ُٚبٚز 
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 1 
CHAPTER 1 
                                                      INTRODUCTION 
Fossil hydrocarbons are the most widely used source of energy in the modern industrial 
world. Fossil hydrocarbons encompass gas, liquid and solid.  Petroleum products used in 
transportation include gasoline, diesel, and jet fuel. Aliphatic and aromatic hydrocarbons 
constitute the largest percentage of crude oils, ranging from 84 to 87 % weight of carbon 
and 11 to 14% weight of hydrogen. Hetero atoms include sulfur (0 - 5 %), nitrogen (0 – 
0.2%), and other elements (e.g. oxygen, nickel, vanadium and iron) ranging from 0 to 
0.1% weight [1]. The sulfur compounds present in hydrocarbons can be classified into 
four main groups: mercaptans, sulfides, disulfides and thiophenes. Liquid fuels derived 
from petroleum–refining processes, such as distillation and cracking, all contain sulfur 
compounds, and the sulfur compound concentrations increase along with the boiling 
point range of the crude oil. The total sulfur content is expressed as a percentage of sulfur 
by weight, and it varies from less than 0.1% to greater than 5 % depending on the type 
and source of hydrocarbons [1]. The sulfur compounds in gases and liquid fuels (e.g. 
diesel, gasoline) contribute to environmental pollution. Sulfur is responsible for the 
emission of sulfur oxides (SOx) resulting from combustion of fuels used in transportation 
and other industries. The presence of SOx in exhaust gas is one of the leading causes of 
acid rain, causing damage to forests, building materials and animals. The presence of SOx 
in transportation fuel poisons catalytic converters. These converters are used in cars to 
clean the exhaust outlets from particulates such as CO, NOx. The sulfur compounds are 
undesirable in refining processes because they increase the corrosion rate during the gas 
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refining process, and they contribute to the formation of deposits and black powder. 
These deposits are liable to plug the filter of the fuel–handling system of automobiles and 
other engines or heating devices.  A key factor for environmental protection is the control 
of SOx emission to lessen environmental impact and corrosive effects on refinery 
equipment [2]. The Environmental Protection Agency issued regulations to reduce the 
sulfur content in gas and liquid fuel to less than 10 ppm.  Consequently, refineries must 
reduce sulfur compounds from liquid fuel and gas, so that they do not exceed 10 ppm, by 
using standard hydrodesulfurization processes or non-conventional hydrodesulfurization 
techniques [3, 9, 21, 47]. 
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LITERATURE REVIEW 
Arabian crude oils are classified according to their American Petroleum Institute (API- 
gravity) into Arabian super light (ASL), Arabian extra light (AXL), Arabian light (AL), 
Arabian medium (AM) and Arabian heavy (AH).  API gravity is a measure of how heavy 
or light petroleum liquid is compared to water. It is inversely proportional to density. The 
sulfur content and API gravity are two properties which have a great influence on the 
value of the crude oil. High API gravity with lower sulfur content will characterize a 
higher value product. Table 1 shows the API gravity and sulfur content results for the five 
Arabian export crude oils.   
Table 1:  Crude oil classification and their density  
 
Crude Oil 
 
API 
 
Density 
g/ml 
Sulfur 
% 
ASL 51.3 0.774 0.02 
AXL 39.3 0.828 0.8 
AL 33.2 0.859 1.9 
AM 30.7 0.872 2.6 
AH 27.0 0.892 3.0 
 
In general, the API gravity in crude oil fractions decreases along with the boiling point of 
the distillate fraction. As a result, the higher the boiling point of a fuel, the lower the API 
gravity of crude oil, as shown in figure 1 [ 1, 4 ]. 
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Figure 1: API gravity vs. boiling point of middle east crude  
 
 
Table 2 shows the nitrogen content as well as the metal contents such as vanadium and 
nickel in the different Arabian crude oils. These increase according to the density of the 
crude oil [1, 4]. 
Table 2: Nitrogen, nickel and vanadium concentration (ppm) in crude oil  
    
 
Crude Oil 
 
Nitrogen (ppm) 
 
Vanadium 
(ppm) 
Nickel 
(ppm) 
ASL 44 1 <  1 
AXL 434 1 <  1 
AL 810 14 <  1 
AM 1200 33 8 
AH 1430 50 18 
 
Between the boiling points of 50 and 550 degrees Fahrenheit, the nitrogen content in 
crude oil fraction remains virtually constant, but above 550 degrees it increases along 
with the boiling point of the distillate fraction, as indicated in Figure 2 [ 1, 4 ] .  
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Figure 2: Nitrogen concentration vs. boiling point  
 
1.1   Sulfur content in crude oil fractions 
During the refining process, crude oil separates into fractions according to weight and 
boiling point. The lightest fractions separate at low temperatures, and the heaviest 
fractions at highest temperatures    
Table 3.  Boiling point of crude oil fractions   
Crude Oil Fraction  C-Range  Boiling Point  ºC 
Light Naphtha C6-C10 < 65 
Medium Naphtha  C6-C10 65-105 
Heavy Naphtha  C6-C10 105-175 
Kerosene  C10-C12 175-330 
Light Gas Oil  C12-C20 260-330 
Vacuum Gas Oil  C20-C40 330-550 
Residue Oil  >  C40   550 
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The sulfur content in crude oil fraction increases along with the boiling point of the 
distillate fraction, as shown in Figure 3 [1, 5]. As a result, the higher the boiling point of 
a fuel, the higher its sulfur content. The middle–distillate (diesel fuel) has higher sulfur 
content than the lower–boiling–range gasoline fraction [1, 4-5]. 
 
 
 Figure 3: Sulfur content vs. boiling point of crude oil  
 
Vacuum gas oil (VGO) has higher sulfur content than naphtha and kerosene. Table 3 
shows the data for sulfur contents and boiling points of crude oil fraction (distillates). The 
distillates with a high boiling point contain more sulfur than distillates that have a lower 
boiling point [6]. 
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Table 4. Sulfur content and boiling point of crude oil fraction  
 Units  NAPHTHA KEROSENE VGO RESIDUE 
Initial Cut Point degF  100 300 650 > 1050 
End Cut Point deg F  300 450 1050  
Molecular 
Weight - 
 
116 161 222  
Sulfur WT%  0.018 0.165 2.7 4.1 
 
Table 4 and Figure 4 show the sulfur content of the four principal distillates of Arabian 
light export (ALE) crude oil. These can be described as: 
1- Naphtha separated from Arabian light export at boiling points ranging from 100 to 
300 F has sulfur content of 0.018 percentage weight.  
2- Kerosene separated from Arabian light export at boiling points ranging from 300 to 
450 F has  0.165 percent sulfur content by weight. 
3-  Vacuum gas oil, with a boiling point ranging from 650 to 1050 F, contains 2.7% 
sulfur by weight.  
4- Residue oil, with boiling points in excess of 1050 F contains 4.1 % sulfur.            
 
Figure 4 : Sulfur content % of Arabian light export vs. boiling point ºF  
 
 
 
 8 
1.2   Sulfur compounds in crude oils 
 
Thiophenes are dominant to dibenzothiophene sulfur species in fractions boiling over 250 
C. Fractions boiling higher than 540C (residue oils) contain approximately half of the 
sulfur of crude oil. The sulfur is estimated to be mostly thiophenic (around 80%) and it 
exists in a polycyclic system with aromatic and naphthenoaromatic rings [6,7].  The 
major organic sulfur compounds in petroleum fractions are thiols (mercaptans), sulfides, 
disulfides, thiophenes, benzothiophenes, dibenzothiophene (DBTs), and their alkyl- 
derivatives, the alkyldibenzothiophenes (Figure 5) [6-9, 47]. 
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 R-S-H Thioles 
                           
 R-S-R Sulfide   
            
 R-S-S-R Disulfide  
 
 Thiophene                               
            
 Benzothiophene (BT)                                                      
            
 Dibenzothiophene (DBT)                                            
 
                                              
 4-Alkyldibenzothiophene           
                                                                                                                
                    
Figure 5. Typical sulfur compounds in liquid fuel [7].  
 
1.3   Legislation on sulfur limit   
 
The desulfurization of hydrocarbons has become an important issue due to the increased 
worldwide interest for cleaner air. Europe, the United States of America, and other 
developed countries worldwide lowered the sulfur limits for transportation fuels in the 
last 30 years to less than 10 ppm. In 1998 the European Directive on Transportation Fuels 
set limits of sulfur in gasoline at 150 ppm and diesel fuel at 350 ppm. These limits will be 
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reduced to 50 ppm for all transportation fuels, including diesel and gasoline in 2003. 
German legislation went even further by increasing taxes on transportation fuel by 1.53 
cents per liter for gasoline exceeding 10 ppm sulfur, as shown in figure 7 [8, 48]. Similar 
trends are observed in the USA, where in 1994 the Clean Air Act limited diesel fuels to 
50 ppm sulfur and in 2000 the Environmental Protection Agency (EPA) proposed a sulfur 
limit not exceeding 15 ppm with effect from 2006 [8, 47].  
Japan decided to reduce sulfur limits in transportation fuels to 200 ppm in 1993 and to 50 
ppm  in 1997,  and to 10 ppm  in 2008 [8, 47].  
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Figure 6. Reduction of the diesel limit in Europe between 1998 and 2008.   
 
Using the currently installed hydrotreating technology in refineries to reduce the sulfur 
content to less than 50 ppm is very difficult because the sulfur compounds in current 
diesel fuel are sterically hindered. Conventional hydrodesulfurization is not effective for 
the removal of DBT and DBT derivatives because the  methyl group creates a steric 
effect that hinders the capacity of the hydrodesulfurization catalyst.  
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Consequently, new desulfurization methods are being developed to meet the new 
Environmental Protection Agency guidelines [8-9 , 18, 47].   
1.4   Current technology for desulfurization of fuels    
Catalysts developed for hydrotreating include cobalt and molybdenum oxides on 
alumina, nickel oxide, nickel thiomolybdate, tungsten, nickel sulfides, and vanadium 
oxide [6,9]. The cobalt and molybdenum oxides on alumina catalysts are in the most 
general use today because they have proven to be highly selective, easy to regenerate and 
resistant to poisons [6-13, 18, 21, 47]. Cobalt-molybdenum catalysts are selective for 
sulfur compound removal, and nickel molybdenum catalysts are selective for nitrogen 
compound removal, although both catalysts will remove both sulfur and nitrogen. 
Nickel–molybdenum catalyst has a higher hydrogenation activity than cobalt- 
molybdenum. Sulfur compounds can be reduced in petroleum refining by using 
conventional hydrodesulfurization (HDS) and non-hydrogen-consuming desulfurization 
techniques such as liquid-liquid extraction, adsorption and oxidation [6-13, 18, 47].   
1.4.1   Conventional hydrodesulfurization-hydrotreating (HDS) 
 
Organic sulfur compounds are converted to hydrogen sulfide and to corresponding 
hydrocarbons by using Co-Mo/Al2O3 or Ni-Mo/ Al2O3 catalyst in the presence of high 
hydrogen pressure [6]. Typical reaction conditions in HDS are 350 ºC and 30 to 100 bar 
hydrogen pressure, requiring high-pressure reactors and vessels [6-13, 47]. The problem 
is that the use of high amounts of hydrogen and catalyst requires high investment costs 
because, although the hydrodesulfurization (HDS) process is efficient in removing thiols, 
sulfides and disulfides, it is less effective for (DBT) and its derivatives [47]. So a two-
stage process is needed to lower the level of the remaining sulfur compounds. This two-
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stage deep desulfurization process will most probably be sufficient to reduce the sulfur 
content to 10 ppm by using HDS processes [9, 10,48]. The first stage can reduce the 
sulfur level to 250 ppm, and the second stage can reduce it to 10 ppm. The first stage can 
be a conventional hydrotreating unit modified according to the operating parameters. The 
second stage would require substantial modification, higher pressure, increasing 
hydrogen flow rate, high reactor pressure and the selection of a good catalyst.  Because 
this process requires high-pressure reactors and vessels, it entails huge investments. The 
hydrogen sulfide which is separated from the desulfurized oil is subsequently converted 
by catalytic oxidation with air into elemental sulfur [10,47]. Hydrogen, which is fed into 
the HDS–reactor together with preheated oil, is consumed only to a small extent in the 
reactor, and it is recycled into the reactor [18, 48]. The reactivity of thiophenes with a 
catalyst in hydrotreating decrease in the order of: thiophene > benzothiophene > 
dibenzothiophene. The reactivity of sulfur compounds for HDS strongly depends on the 
molecular structure [6-13, 47].  
Sulfur compounds are converted to hydrogen sulfide by catalysis. Molybdenum sulfide 
alone shows high activity for direct sulfur extrusion from low molecular-weight sulfur 
compounds such as thiophene. The chemical reactivity of molybdenum sulfide is 
attributed to molybdenum. The sulfur atom of the sulfur–containing hydrocarbon is 
adsorbed by the molybdenum ion at a sulfur vacancy through a one-point attachment. 
Then desulfurization is completed by hydrogen transfer and molybdenum sulfur 
elimination. The addition of cobalt or nickel enhances the activity of molybdenum sulfide 
to absorb more sulfur atoms, as indicated in Figure 7 [6-13, 47].   
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Figure 7. Mechanism of DBT removal over sulfide Co-Mo catalyst 
 
A Ni-Mo sulfide mechanism was proposed by Nagi, who briefly described the possible 
reaction steps involved on a local site. He assumed that gaseous hydrogen is adsorbed on 
the surface of the catalyst and that the hydrogen species is consumed in the reaction 
spillover on the surface. He observed that catalysts containing molybdenum have a higher 
surface area as compared with tungsten. Also, Ni-Mo catalysts showed better 
desulfurization than Ni-W catalysts [11].  
The following reactions show how sulfur is converted to hydrogen sulfide by addition of 
hydrogen with a catalyst [6]. 
Sulfur Class                          Typical Reactions  
 
Mercaptans             R-SH  +   H2                                                  RH +    H2S 
 
Sulfides                  R-S-R  +     2 H2                                          2RH +   H2S 
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Disulfides               R-S-S-R  +   3 H2                                       2RH +    H2S 
Thiophene          +     4 H2                             CH3 (CH2)2CH3     +    H2S 
 
Hydrotreating is a process for catalytically stabilizing petroleum products or for 
removing elements from products or feedstocks (crude oils) by causing them to react with 
hydrogen. Stabilization involves converting unsaturated hydrocarbons, such as olefins, to 
paraffin.  Sulfur, nitrogen, oxygen, halides and trace metals are removed by 
hydrotreating. Hydrotreating is applied to a wide range of feedstocks, from lightweight 
naphtha to reduced (heavy) crude. During the hydrotreating process, the oil feed is mixed 
with hydrogen–rich gas, either before or after it is preheated to the proper reactor inlet 
temperature. Most hydrotreating reactions are carried out below 800 ºF (427ºC) to 
minimize cracking, and so the feed is usually heated between 500 and 800 ºF (260-427 
ºC). The crude oil combines with hydrogen in the hydrotreating reactor. In the presence 
of the metal–oxide catalyst, the hydrogen reacts with the oil to produce hydrogen sulfide, 
ammonia, saturated hydrocarbons and free metals, as shown in figure 9 [1, 6, 9, 15, 47]. 
Recent studies showed that the complex molecules present in heavy feed adversely affect 
the removal of heteroatoms (N, S, and O) and they increase the hydrogen consumption as 
can be seen in the following Table 4 [1, 9, 15, 47]. This table shows the hydrotreating 
process temperature, hydrogen pressure and hydrogen consumption of each crude oil 
fraction. 
 
 
 
 15 
 
Table 5: Typical hydrotreating process conditions for various boiling range fractions 
Feed Process 
Hydrotreating 
Temperature 
ºC 
H2 Pressure 
Mpa 
H2  
Consumption 
Nm
3
/m
3
 
Naphtha HDT 320 1-2 2-10 
Kerosene HDT 330 2-3 5-10 
Atm. Gas Oil HDT 340 2.5-4 20-40 
Vac. Gas Oil HDT 360 5-9 50-80 
Atm. Residue HDT 370-410 8-13 100-175 
Vac. Gas Oil HDT 380-410 9-14 150-300 
Vac. Residue HDT 400-440 10-15 150-300 
 
1.4.2   Hydrocracking processes 
 
Hydrocracking is a catalytic process during which heavy crude oil (residue) is converted 
to more desirable lower boiling products such as kerosene, middle distillates, lubricating 
oils and fuel oils, as shown in Figure 9. The reactions that take place in hydrocracking are 
called hydrotreating. These include hydrodesulfurization (HDS), hydrodenitrogenation 
(HDN) and hydrodeoxygenation (HDO), as shown in Figure 8 [1, 6, 9, 14-17].  
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Figure 8. Typical hydrocracking reactions 
 17 
 
Figure 9 . Single stage catalyst hydrocracking process 
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1.5   Alternative processes for deep desulfurization 
In order to improve the current HDS technology and reduce costs, particularly with 
respect to the production of ultra low sulfur fuels, alternative desulfurization processes 
are desirable that do not involve hydrogen consumption, high pressure or high 
temperature. Possible alternative processes for deep desulfurization are adsorption, 
extraction, or oxidation followed by extraction and biodesulfurization [18-22, 47].  
1.5.1   Desulfurization by using oxidation 
Recently, oxidation desulfurization (ODS) techniques created much interest as a further 
new technology for the deep desulfurization of light oil. This desulfurization process is 
composed of two stages: oxidation followed by liquid extraction. The oxidation 
desulfurization (ODS) process converts the thiophene, benzothiophenes and their methyl 
and high alkyl derivatives into sulfoxides or sulfones, as indicated in figure 10. These 
compounds can be removed from the mixture by extraction with polar solvents or by 
adsorption into sulfur oxide [18-22].    
 
Figure 10.   Ideal reaction for DBT and BT using the oxidation technique   
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An interesting example of this process was worked out by Guth and Diaz in 1974 
Desulfurization of petroleum oils was carried out with nitrogen dioxides followed by 
extraction with methanol to remove both sulfur and nitrogen compounds [19, 21 ].  
Tam and Kittrell (1984) published many scientific articles about oxidation gas oil and 
other petroleum fractions with nitrogen oxide or nitric acid. In both cases the oxidized 
products were removed by solvent extraction [20-21].  
Tam in 1990 studied the process of desulfurization using oxidation at ambient pressure 
and low temperature (0-30 C), using nitric acid or nitrogen oxides as oxidants and then 
using polar solvent for extraction [20-21].  
Dishun, in his review of desulfurization based on selective oxidation, has indicated that 
two main catalysts are used for selective desulfurization. These are organic acid and 
polyoxometalates. Organic acids include formic acid, and acetic acid [21].    
Yen reported that organic sulfur compounds can be removed from fossil fuel by a process 
that combines oxidative desulfurization with the use of ultrasound [22, 47]. The oxidative 
desulfurization is achieved by combining the fossil fuel with a hydrogen peroxide 
oxidizing agent and applying ultrasound to the resulting mixture to increase the reactivity 
of the species in the mixture. Any remaining oxidant in the light oil is then removed by 
water washing and extraction [22, 47]. Other researchers have gone still further.  
Shiraishi reported work on sulfur and nitrogen compound removal from light oil by 
photosensitized oxidation using a triplet photosensitizer in an oil/water two-phase liquid–
liquid extraction system [23]. However, follow-up experiments using oxidation and 
extraction failed to remove enough sulfur to achieve adequate desulfurization. For gas oil, 
sulfur was reduced to 0.22% weight and for diesel fuel to 0.01 % weight. 
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The most desirable desulfurization results were obtained by oxidation using 
(HCOOH/H2O2) [23]. In this process, the sulfur compounds were converted to sulfones 
and sulfoxides. Then these products were removed by extraction followed by adsorption 
with silica gel to reduce the sulfur content below 10 ppm.  Another effective process was 
suggested by Mei to remove sulfur components by using phosphor tungsten acid and 
ultrasound. The oxidized product was then extracted with acetonitrile. Under these 
conditions most of the unwanted sulfur compounds were removed [18, 24].  
Sherman reported that his work achieved oxidation with sub-micron size bubbles of 
ozone for desulfurization of diesel fuel, but the conversion was not high [18, 26]. He 
studied the oxidation of crude oil by using hydrogen peroxide in the presence of a 
catalyst. The resulting sulfur was reduced to 0.7% from 2.5% [25].   
Zannikos studied the ODS using acetic acid to oxidize the organosulfur compounds in 
diesel fuel [21, 26]. Methanol, dimethylformamide and N-methyl pyrrolidone were used 
as solvents following oxidation. However, this process proved inefficient because the 
solvent removed much of the oil compounds along with the sulfur compounds [21,26]. 
The advantages of ODS processes are the fact that it is conducted at room temperature, 
atmospheric pressure, and also elimination of the need for expensive hydrogen that is 
used in conventional hydrodesulfurization. However, the ODS has two major problems. 
First, the oxidants chosen do not always perform selectively to remove sulfur compounds. 
Many oxidants, such as acetic acid and hydrogen peroxide, remove sulfur compounds and 
aromatic compounds that reduce the quantity and quality of the light oil. 
The second problem is that it is difficult to select a suitable solvent for extracting sulfur 
compounds from fuel [21, 47].  
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1.5.2   Desulfurization by using adsorption  
 
Desulfurization by adsorption is an alternative method for removing organosulfur 
compounds. It uses modified metal oxides, a molecular sieve and activated carbon as an 
adsorbent under ambient conditions. There is considerable recent interest in developing 
sorbents for selective desulfurization at ambient temperature and pressure. Since catalyst 
development began in 1998, much attention has been paid to the Phillip’s Sulfur Zorb 
process.  
Zhang reported that hydrogen consumption can be reduced by avoiding hydrotreating. 
This can save a refinery significant operation costs [27]. The Phillips process is carried 
out in the presence of hydrogen and modified zinc oxide. Organosulfur is converted to 
hydrogen sulfide by chemisorption bonding with zinc as zinc sulfide. Another process 
was developed, using oxidation combined with chemisorption on zinc oxide in the 
presence of hydrogen [21, 28]. The oxidation process was carried out with acetic acid in 
which 4,6-dimethyldibenzothiophene was converted to sulfoxide and sulfones. The 
organosulfur compounds were treated with a hydrogen stream on zinc oxide. As a result, 
the sulfur content was reduced to < 10 ppm  [21, 28]. 
The Shell Oil Company published a paper outlining a process for the deep desulfurization 
of petroleum fractions, for example gas oil, at 350 ºC and 20 bar [18, 28, 29]. They used 
zinc oxide and nickel on alumina catalyst. They were able to reduce organosulfur 
compounds from 750 ppm  to < 10 ppm . Recently, a class of sorbent was discovered that 
relies on a process called п-complexation, to selectively remove organosulfur molecules 
from commercial fuels [18, 28, 29]. These sorbents were prepared by using several ion-
exchange techniques which introduce d-block metals, including Ag
+
, Cu
+
, Ni
2+
 and Zn
2+
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into zeolites. These ion–exchanged materials are capable of producing fuels with low 
sulfur. Cu
2+
 does not undergo п-complexation, and hence the zeolite loses its sulfur 
selectivity [28]. Thus, fuel additives such as oxygenates and high levels of moistures 
quickly deactivate the Cu
2+
 sorbent [28].   
Jeevanadam prepared a modified adsorbent based on nano-crystalline Al2O3 by testing it 
for adsorption of thiophene, he found that it performed well [29]. He reported that the 
adsorption process of benzothiophene, dibenzothiophene, 4,6-dimethyldibenzothiophene, 
indol and carbazole on alumina and zirconia was due to adsorption on Lewis sites or on 
acid-base pairs [29].    
Refineries rely on HDS processes to reduce sulfur levels from commercial fuels, but 
achieving deep-desulfurization levels would require increasing the existing reactor sizes 
by a factor of 7 or increasing the hydrogen consumption. In addition, the hydrotreated 
fuels would suffer from loss of octane and  other properties such as lubricity [30-32].  
Recently a promising method was developed for deep HDS using zeolite containing Cu
+
. 
Desulfurization with this adsorbent occurs through formation of a п-complex between 
Cu
+
 ions and thiophene. Also, CuCl/y-Al2O3 is a promising sorbent for the selective 
removal of all sulfur compounds from commercial jet fuels and diesel [30-32]. 
Robert indicated that Ru(II) in the form of Ru(NH3)5(OH2)
2+
 reacts with thiophene, 
benzothiophene and dibenzothiophene to produce rubidium complexes. However, his 
approach still requires more studies to remove DBT [33].  
Poisot reported a new HDS catalyst, known as Nebula, which is based on NiMo and 
contains 15-20 % more active material than current HDS [34]. He reported that sulfur 
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compounds can be reduced to 10 ppm in diesel fuel, but that the new catalyst requires 
higher hydrogen consumption rates and results in increased octane losses [34]. 
Velu studied ion exchange  zeolite to remove sulfur from a model system and jet fuels at 
80 ºC using zeolites containing Ni(II)/Zn(II). He reported that the removal of 
organosulfur compounds was by direct interaction with sulfur atoms as in HDS [35]. 
Haji and Erkey used carbon gels pores with sizes between 4 and 22 nm to remove 
dibenzothiophene molecules from n-hexadecane. They reported adsorption amounts of up 
to 0.47 mmol of sulfur per gram of sorbent [36, 47].  
Takahashi and Yang used transition–metal ion exchanged zeolites to remove sulfur 
compounds from diesel [8, 28]. However, adsorption alone cannot reach the deep 
desulfurization levels necessary for liquid fuel. 
1.5.3   Liquid-liquid extractive method 
The liquid–liquid extraction method is another alternative for deep desulfurization that is 
carried out at ambient temperature and pressure [18, 21, 37-47]. The L-L extractive 
desulfurization method does not need special equipment, and it is economical in its use of 
energy and hydrogen. In addition, the liquid–liquid extraction process does not change 
the structure of the fuel components, but it increases the fuel quality by removing 
undesirable impurities such as sulfur and nitrogen compounds [18, 37-47].      
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In general, an ideal extraction agent should have the following properties: 
1-  The most important property of a solvent is its selectivity because high solvent     
  selectivity will ensure high sulfur compound removal. 
2- The solvent should have a high capacity for sulfur compound extraction. 
3-   It should be easily available and acceptably priced. 
4-   The boiling point of the solvent is important because the extracted sulfur components   
      are separated from the solvent by distillation. So the boiling point of the solvent must   
       be less than that of the dibenzothiophene and dibenzothiophene derivatives. 
5- The surface tension of the solvent is important because solvent has high surface  
 tension which decreases the possibility of producing emulsion. 
6-    The solvent regeneration should take place easily by simple distillation. 
7-   The solvent should be insoluble in oil or oil fractions, and in addition hydrocarbons   
       should only be minimally soluble in the solvent.  
8-   The solvent should feature a high thermal and chemical stability, and it should be   
        non-toxic and environmentally benign. 
9-    The separation time between solvent and oil fractions should not exceed ten minutes. 
10-   The density of the solvent should be different from that of the feed (crude oil and   
         crude oil fraction). 
11-   The solvent should have low viscosity and low heat of vaporization [18, 38, 39, 40]. 
There is considerable recent interest in deep hydrodesulfurization by using liquid–liquid 
extraction methods at ambient temperature and pressure. Examples of polar solvents are 
shown in Table 5 below. A solvent that most completely meets the above 11 criteria is 
the most desirable. 
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Table 6: Some organic solvents with their chemical formula and boiling point 
Compound Name Chemical Formula Boiling Point (ºC) 
Acetone CH3C(O)CH3 56 
Acetonitrile CH3CN 82 
Butanol C4H10O 118 
Diacetyl C4H6O2 88 
Propanol C3H8O 97 
Ethanol CH3CH2OH 79 
Chloroform CHCl3 61 
Methanol CH3OH 65 
Furfural C5H4O2 162 
Ethylene glycol C2H6O2 197 
Propyl acetate C3H6O2 57 
Furan C4H4O 31 
5-Methylfurfural C6H6O2 187 
2-Acetyl 5-methylfuran C7H8O2 100 
Furfuryl alcohol C5H6O2 170 
Tetrahydrofuran C4H8O 66 
 
Ko and Lee reported that a number of organic solvents such as acetone, ethanol and 
formic acid were tested for the removal of sulfur compounds from the fuel oil, but they 
concluded that the performance of these solvents would never be satisfactory for deep 
desulfurization [41, 47]. 
Shiraishi and Hirai reported that deep desulfurization was studied by using 
photochemical reaction and liquid–liquid extraction [42-43]. Also they were able to 
remove sulfur compounds from straight-run light gas oil by using acetonitrile followed 
by photochemical reactions (UV radiation) [42-43]. They concluded that sulfur content 
was reduced from 0.2% to 0.05% weight from gas-oil [42-43].  
Bailes studied the extractability of the sulfur compounds and aromatic hydrocarbons from 
light oil by mixing the light oil with organic solvent such as acetonitrile, dimethyl 
sulfoxide (DMSO) and tetramethylene sulfone at room temperature [43-44].  He found 
that the extraction equilibrium between light oil and organic solvents was achieved in 5 
 26 
minutes or less and that the phase separation was achieved in about 10 seconds. The light 
oil was washed once with an equal volume of water to remove the dissolved polar 
solvents. From this experiment he concluded that acetonitrile is a suitable solvent for 
light distillation to achieve deep desulfurization [44].  
Jess reported that S-compounds and N-compounds could be removed by using ionic 
liquids such as butylmethylimidazolium (BMIM) chloroaluminate and also halogen-free 
ionic liquids like BMIM-octylsulfate [45]. In his experiment he used a model oils system 
(dibenzothiophene mixed with dodecane) and a real diesel oil at ambient temperature and 
pressure.  The results showed the excellent and selective extraction  properties of ionic 
liquids, especially with regard to those sulfur compounds, which are very hard to remove 
by HDS [45].   
 Jess studied the extraction of both sulfur and nitrogen compounds from gasoline and 
diesel oil by ionic liquids such as butylmethylimidazolium [45]. He concluded that such a 
process could be an alternative for deep hydrodesulfurization. Extraction of sulfur and 
nitrogen compounds with these ionic liquids is not limited to diesel oil but is probably 
even more attractive for FCC gasoline [45].  
Zhang studied two types of ionic liquids. 1-alkyl 3 methylimizolium, tetrafluoroborate, 
hexafluorophosphate and trimethylamine hydrochloride [27]. These ionic liquids were 
demonstrated to be potentially applicable for sulfur removal from fuels. He reported that 
these ionic liquids can be regenerated by distillation or water displacement [27].  
Holbrey and Seddon showed that the ionic liquids 1-Butyl-3-methylimidazolium 
tetrafluroborate (BMIMBF4), 1-Butyl-methylimidazolium hexafluorophospate 
(BMIMPF6), and 1-Ethyl-3-methylimidazolium hexafluorophospate (EMIMBF4) with the 
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1-alkyl being ethyl and butyl, have negligible absorption for alkenes and very low 
absorption for olefins. In addition, they found that BMIMPF6 has the highest absorption 
capacity for organosulfur compounds, followed by BMIMBF4, with EMIMBF4 having 
the lowest absorption of organosulfur compounds. Also, they concluded that these ionic 
liquids have less selectivity for alkenes   [27, 46]. The advantages of the liquid–liquid 
extraction method are: improved product quality, energy saving and minimized use of 
hydrogen. In addition, it is less toxic and insoluble in oil. Also it is a self-renewing 
(cyclic) method which is cost effective and environmental friendly. These characteristics 
make the liquid-liquid extraction method a strong contender for industrial applications.  
 
1.6 Solvent regeneration process 
 
The sulfur and nitrogen compounds in the feed (crude or crude oil fractions) are removed 
in the first vessel by a combination of solvent with crude oil. Feed is separated from the 
vessel with much of its sulfur compound removed by solvents, while the sulfur- and 
nitrogen-rich solvent is sent to a solvent recovery vessel, where the solvent is distilled 
and recycled as lean solvent. Then the sulfur compound is submitted to a hydrotreating 
vessel where hydrogen is added and the sulfur is converted to hydrogen sulfide. The 
residual organic compound is combined with the sulfur-reduced feed at the end of the 
process (as indicated in Figure 11) [45]. 
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Figure 11. Solvent regeneration process   
Overall, the goal of this project is to study and evaluate the removal of sulfur-containing 
compounds under ambient conditions from a model compound, diesel and Arabian crude 
oils by using direct extraction with organic solvents, since these sulfur species cannot be 
removed by current hydrodesulfurization methods. 
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CHAPTER 2 
EXPERIMENTAL WORK 
2.1 Materials 
Diesel sample and crude oil samples were obtained from Ras Tanura Refinery     
2.2   Chemicals and solvents 
Thiophene (C4H4S, 99%,  84.14 g/mol). 
Dibenzothiophene (DBT) (C12H8S, 99% , 184.26 g/mol).  
4,6 Dimethyldibenzothiophene (C14H14S,  99% ,  212 g/mol)  
Sulfur compounds were obtained from Aldrich  
N-Hexane (C6H14, 97%  , 86.18g/mol). 
Toluene (C7H8,  99.7% ,  92.14 g/mol.         
Hexadecane (C16H34,  99%,   226 g/mol). 
Dodecane (C12H26, 99% ,  170.34 g/mol) 
Methanol (CH3OH, 99.9% , 32.04 g/mol ) 
Acetone (CH3COCH3, 99.9% , 58.08 g/mol)   
Tetrahydrofuran (C4H8O, 99.9%, 72.11g/mol )      
Furfural (C5H4O2, 99%  ,96 g/mol).  
2-Acetyl 5-Methylfuran (C7H8O2, 98% , 124.14 g/mol)       
5-Methylfurfural (C6H6O2, 98%, 110.11 g/mol  ).  
2-Furyl methyl ketone (C6H6O2, 99% , 110.11g/mol). 
Furan (C4H4O ,99% , 68.08 g/mol).   
Furfuryl alcohol (C5H6O2, 98% , 98.10 g/mol).             
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2.3   Adsorbents   
Activated carbon, Zeolite Y and H- Zeolite were used for adsorption and they were 
obtained from the Aldrich Company. 
2.4   Instrumentation 
A gas chromatograph equipped with a sulfur detector, and a gas chromatograph equipped 
with a mass selective detector, were used for identification and measurement of sulfur, 
aliphatic and aromatic components in the model diesel, and in the diesel and crude oil 
samples before and after extraction. 
2.4.1  Total sulfur determination  
An Antek 9000 instrument was used to measure the total sulfur in model compounds and 
diesel. The instrument was calibrated by using a three-point linear curve from low to high 
concentration up to 10,000 ppm. Quality check reference standards were obtained from 
the Accua Standard Corporation. Dibenzothiophene dissolved in iso-octane was used to 
calibrate the instrument. X-Ray fluorescence was calibrated to measure the total sulfur in 
crude oil samples.  
2.4.2  Gas chromatography 
Chromatography is a physical separation process in which two or more analytes are 
distributed between a stationary phase and a mobile phase which moves past the 
stationary phase. Chromatographic separation can take place inside a tube which holds 
the stationary phase and conducts the mobile phase past it. This tube is called a column.  
The column is suspended inside a temperature-controlled environment. The oven 
temperature is closely controlled at a constant temperature for isothermal operation, or it 
is increased at a constant rate from an initial temperature to a final temperature for 
temperature programmed operation. The sample, forced by the mobile phase, is swept 
 31 
into and through the column. The column exit is connected to a device, called a detector, 
that responds to an analyte with an electrical signal proportional to the amount of analyte 
present, as shown in Figure 12.       
 
Figure 12.  Typical gas chromatograph 
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 2.4.2.1 Gas chromatography flame ionization detector (GC-FID)  
The Flame Ionization Detector (FID) is a mass-flow sensitive ionization detector that 
responds to organic compounds. The FID is widely used because most of the compounds 
analyzed by GC are organics. The FID device does not respond significantly to water or 
atmospheric inorganic gases. 
Column effluent enters the detectors, and it mixes with hydrogen combustion gas plus a 
make-up composed of helium. The gas mixture passes through a flame jet, and it 
combusts in an excess of air. Organic compounds are decomposed and ionized as they 
enter the flame. An electrical field repels electrons into a collector electrode, and the 
resulting current is amplified and converted to a voltage by an electrometer, as indicated 
in Figure  13 . 
 
Figure 13 : Typical flame ionization detector  
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 2.4.2.2 Gas chromatography sulfur chemiluminescence detector 
The Sulfur Chemiluminescence Detector is a sulfur selective detector for gas 
chromatography. Operation of the SCD is based on the detection of sulfur from the 
reaction of ozone with sulfur monoxide (SO) produced from combustion of the analyte: 
Sulfur compound (analyte)                                SO +    H2O    +    other products  
SO    +   O3                                                 SO2 + O2      
 
A vacuum pump pulls the combustion products at low pressure into a reaction cell, where 
excess ozone is added. The sulfur dioxide and oxygen produced from this reaction are 
filtered and detected with a blue-sensitive photomultiplier tube, and the signal is 
amplified for display or output to a data system, as indicated in Figure 14 [48-51]. 
 
Figure 14. Cross-section of the dual plasma burner for CSD 
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2.4.2.3   Gas chromatograph calibration 
This method was used to identify and measure the aromatic and sulfur components in 
diesel and model compounds. The gas chromatograph (GC-FID/CSD) is equipped with 
two detectors: a flame ionization detector and a chemiluminescence detector.  The GC-
FID/CSD was used for sulfur species detection. The gas chromatograph equipped with a 
mass-selective detector was used for identifying each compound in the model diesel 
based on the compound’s molecular weight. The GC-FID/CSD was calibrated by using 
three certified standards (low, medium, and high). The certified standard specifies the 
concentration and retention time of each compound using GC-FID/CSD.  
1- The low level certified standard consists of dibenzothiophene 3.2 ppm, naphthalene 
4.4 ppm, thiophene 22.0 ppm, anthracene 0.2 ppm, toluene 4.7 ppm, cyclohexane 4.0 
ppm,  n-hexane 2.7 ppm,  hexadecane 8.3 ppm  and  isooctane 6.2 ppm.  
2- The medium level certified standard consists of dibenzothiophene 25.8 ppm, 
naphthalene 35.0 ppm, thiophene 176.0 ppm , anthracene 1.8 ppm, toluene 37.5 ppm, 
cyclohexane 32.0 ppm, n-hexane 21.8 ppm, hexadecane 66.8 ppm  and isooctane 49.7 
ppm.  
3- The high level certified standard consists of dibenzothiophene 295.0 ppm, naphthalene 
400.0 ppm, thiophene 2018.0 ppm, anthracene  20.0 ppm, toluene 429.0 ppm, 
cyclohexane 366.0 ppm, n-hexane 249.0 ppm, hexadecane 759.0 ppm and isooctane 
568.0 ppm. Table 6 and figure 14 show the certified standards’ concentration and their 
retention time.  These levels were used to check the GC’s accuracy before any samples 
were run. 
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Table 7:  Certified standard used for GC-FID/CSD calibration 
 
Components Concentration 
ppm 
Low level 
Concentration 
ppm 
Medium  level 
Concentration 
ppm 
High level 
Retention 
Time 
N-Hexane 2.7 21.8 249 5.48 
Thiophene 
22.0 176.5 2018 5.98 
Cyclohexane 
4.0 32.0 366 6.03 
Iso-Octane 6.2 49.7 568 6.30 
Toluene 4.7 37.5 429 7.03 
Naphthalene 4.4 35.0 400 ~ 12.0 
Hexadecane 8.3 66.4 759 15.32 
DBT 
(dibenzothiophene) 
     3.2 25.8 295 16.60 
Anthracene 
0.2 1.8 20 16.90 
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Figure 15: Detailed GC-FID/CSD chromatogram for the certified standard compounds 
with their retention times (RT)  
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Figure 15.  Certified Standard Components  
 
2.4.2.4   Gas chromatograph linearity response    
 
The GC-FID/CSD was calibrated by using certified standards, and then a dynamic linear 
range was established from 18 to 3528 ppm of dibenzothiophene, as indicated in Figure 
16. The graph shows that the instrument was linear during the experiment. 
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Figure 16. Linearity response of GC-FID/CSD.  
 
2.5   Preparation of model compounds  
  
Model compound A was prepared to simulate the overall composition of diesel fuel. It 
consists of aliphatic, aromatic and sulfur compounds. It was prepared by adding 0.33 
grams of hexane, 0.53 grams of thiophene, 0.497 grams of toluene, 0.395 grams of  
hexadecane, 0.49 grams of DBT and 0.22 grams of 4,6 DMDBT in dodecane 500 ml, as 
shown in Table 7. By contrast, the model compound B was prepared with equal 
molarities of each compound in order to compare and contrast the effect of sulfur and 
aromatic compound removal in models A and B by organic solvent. The model 
compound B was prepared by adding 0.33 grams of hexane, 0.35 grams of thiophene, 
0.37 grams of toluene, 0.86 grams of  hexadecane, 0.71 grams of DBT and 0.805 grams 
of 4,6 DMDBT in 372.86 grams dodecane, as shown in Table 8.  
The model compounds A & B were prepared in two volumetric flasks (500 ml) and 
transferred to two dark glasses also of 500 ml, and then stored in a refrigerator to 
minimize evaporation. 
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Table 8:   Model compound A concentration prior to treatment 
Component Concentration 
ppm 
Actual Weight 
(grams) 
Sulfur 
ppm 
n-Hexane 881 0.33   
Thiophene 1418 0.53  538 
Toluene 1328 0.49   
Hexadecane 1054 0.39   
Dibenzothiophene 
(BDT) 
1307 0.49 222 
4,6-dimethy- 
dibenzothiophene 
575 0.21  86 
In dodecane   Total Sulfur 
 846 
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Table 9.  Model compound B concentration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
2.5.1 Calculating sulfur compounds concentrations 
 
Sulfur compounds concentration (ppm) is calculated according to the following formula:  
 
 Sample weight (gm)     106      
           n-C12 vol. (ml)     0.75               
 
Sample weight multiple by (10
6 
) and divided by volume of solvent (dodecane ) multiple 
by density of dodecane in order to calculate ppm. 
 
  
 The following formula was used in order to convert sulfur compounds to sulfur.   
 
Thiophene concentration ppm     X    molecular of sulfur          
                                                            molecular weight of thiophene  
 
  
  
Name of 
Chemical 
Molarity 
of 
Solution 
Chemical 
mol. Wt 
(g/mole) 
Actual 
Weight 
(g) 
Concentration 
for each 
chemical 
(ppm) 
TS 
ppm 
 
Toluene 
 
0.0038 92.14 0.36716 984.87  
N-Hexane 
 
0.0038 86.16 0.32704 877.25  
Hexadecane 
 
0.0038 226.44 0.86407 2317.78  
DBT 
 
0.0038 184.26 0.71133 1908.07 332.0 
Thiophene 
 
0.0038 84.14 0.34545 926.63 352.4 
4,6DMDBT 
 
0.0038 214.26 0.80513 2159.68 323.95 
Total weight 
components 
  3.42018   
Total 
including 
dodecane 
  372.86  1008.36 
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2.6   Procedures for mixing model compounds with solvent 
Model compounds were mixed with organic solvents by using a 1:1 ratio (20 ml of model 
compound mixed with 20 ml organic solvent), a 1:2 ratio (20 ml of model compound 
mixed with 40 ml organic solvent), a 1:3 ratio (20 ml of model compound mixed with 60 
ml organic solvent) and a 2:1 ratio (30 ml of model compound mixed with 15 ml organic 
solvent). The experiment was conducted at room temperature and atmospheric pressure 
by using a 100 ml separatory funnel. The model compounds were mixed with each 
solvent for 10 minutes. The two phases were separated within less than 5 seconds.   
2.7   Model compounds (A&B) Analysis 
The model compound layer was separated from its organic solvents, and representative 
samples were injected into GC-FID/CSD and GC-MSD for measuring and identifying the 
model compounds’ composition (aromatic, aliphatic and sulfur compounds) before and 
after each extraction. The results of the analysis were used to evaluate the organic 
solvents’ efficiency for the removal of sulfur and aromatic compounds. 
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 2.7.1 Gas chromatographs configurations GC-FID/CSD 
The GC-FID/CSD method was developed to analyze the composition of model diesel 
before and after treatments under the following conditions: 
Table 10:  GC-FID/CSD conditions for analyzing model compounds 
 
Chromatography  HP 6890 equipped with FID/SCD and auto injector  
Column  DB-1 , 60meter, 250µm ID , film thickness .025 µm film  
Carrier gas  He, constant flow ,1.3 ml/min 
Oven  Initial temp 40°C hold 1 minute and ramp temperature at 5 
°C/min to  300°C hold  for 2 minutes [40-1-15-300-2]  
Injector  250°C, pressure 23.30 psi, total flow 17.1 ml/min, split ratio 10.0, 
split flow13 ml/min   
Injection  1µL 
Detector  FID/SCD combination: 
FID 320°C, H2 flow 35 ml/min, Air flow 300 ml/min, make up 
gas (He)  off , flam should be on  
SCD furnace 800°C, H2 40 ml /min, air 5-6 ml/min, pressure 300-
420 mbar    
Integration  Chemstation method parameter with operator check   
Analysis time  20.33 
 
2.7.2 Model compounds analyzed by gas chromatography 
 
The gas chromatograph equipped with flame photometric detector (GC-FID/PFPD) 
method was developed to analyze the model compounds’ composition before and after 
extraction. The GC-FID/PFPD method was used as an alternative in case the GC-
FID/CSD shut down. The GC-FID/PFPD conditions are listed in the following table. 
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Table 11. GC equipped with flame photometric detector (GC-FID/PFPD) conditions 
 
Chromatography  HP 6890N equipped with FID/PFPD and auto injector  
Column  DB-1 , 60meter, 250µm ID , film thickness .025 µm film  
Carrier gas  He, constant flow ,1.3 ml/min 
Oven  Initial temp 40°C hold 1 minute and ramp temperature at 5 
°C/min to  300°C hold  for 2 minutes [40-1-15-300-2]  
Injector  250°C, pressure 23.30 psi, total flow 16.6 ml/min, split ratio 10.0, 
split flow 
13 ml/min   
Injection  1µL 
Detector  Flame Ionization Detector:  
FID 280°C, H2 flow 40 ml/min, Air flow 450 ml/min, combined 
flow make-up 43.7 and flame should be on  
Integration  Chemstation method   
Analysis time  20.33 
 
 
2.7.3   Model compounds analyzed by gas chromatograph-mass  
           selective detector (GC-MS)        
 
The GC-MS 6890N was used for the identification of aliphatic and aromatic sulfur 
compounds. The GC-MS  was set up with column DB-1, 60m, 0.25mm ID and 0.25 µm 
film thickness. The GC-MS temperature began  at  40 ºC for one minute. The temperature 
was then increased to 300 ºC at the rate of 15 ºC per minute, and then held at 300 ºC for 
10 minutes. The GC-MS, equipped with a split/splitless injector at temperature 250 ºC, 
used a pressure of 23.28 PSI,  split flow 13 ml/minute and total flow 17.3 ml/minute. The 
carrier gas used was helium at 1.5 ml/min.   
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2.7.4 Model compounds analyzed by nuclear magnetic resonance (NMR)  
Both liquid and solid NMR techniques were used to compare sulfur compound structures 
(dibenzothiophene and 4, 6-dimethyldibenzothiophene). Sulfur compounds (DBT & 4,6-
DMDBT) were dissolved in deuterated chloroform (CDCl3 ) and then analyzed by NMR. 
In addition, the NMR technique was used to study the spectra of the model compounds 
A&B before and after extraction.   
A  NMR-400MHz (wide bore magnet) Varian spectrometer operated by UNIX software 
was used.  The analyses were performed by using a 10mm liquid probe for the liquid 
samples and a solid probe with a 7mm rotor for the solid samples. Deuterated chloroform 
(CDCl3) was used as the lock solvent in the liquid samples. The solid samples were 
ground into a fine powder and packed into the rotor. The analyses were performed at 
room temperature (25°C). For the liquid samples, the spectrometer was tuned for the 
proton nucleus to acquire the proton data, and for carbon-13 nucleus to acquire the 
carbon data. The proton experiments used a 45 degree pulse, 64 transients, an acquisition 
time of 2.00 sec, zero delay time, and a pulse width of 8000 Hz. Carbon-13 experiment 
parameters included a 45 degree pulse, 256 repetitions, 2.5 seconds acquisition time, 2.00 
sec relaxation delay, and a 50000 Hz spectral window.   
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2.8   Diesel desulfurization procedures using liquid-liquid extraction 
Untreated diesel samples collected from Ras Tanura refinery were mixed with organic 
solvents by using a 1:1 ratio (20 ml of diesel added to 20 ml of solvent), a 1:2 ratio (20 
ml of diesel added to 40 ml of solvent), a 1:3 ratio (20 ml of diesel added to 60 ml of 
solvent) and a 2:1 ratio (20 ml of diesel added to 10 ml of solvents). The objective of 
mixing diesel with organic solvent was to reduce the concentration of sulfur compounds 
in diesel. The experiment was conducted at room temperature and atmospheric pressure 
in a 100 ml separator funnel. The diesel was mixed with each solvent for about 10 
minutes, and two phases (organic solvent and diesel) were separated in less than 10 
seconds. The diesel sample was diluted with toluene by using 1gram of diesel dissolved 
in toluene. The volume was set at 10 ml of toluene, and then the sample was injected into 
the GC-FID/CSD for sulfur species measurements, as shown in Figure 16.   
2.8.1  Diesel analysis by GC-FID/CSD and GC-MSD  
The GC-FID/CSD method was developed to measure and identify the sulfur species in 
diesel samples before and after treatment by using liquid–liquid extraction. Results of the 
identification and measurement of sulfur containing components appear in Table 11, 
which gives the retention order and retention time, molecular structure and molecular 
weight of each sulfur compound in diesel. 
 The GC-FID/CSD equipped with a sulfur selective chemiluminescence detector (SCD) 
was used for diesel samples analysis.  The GC was fitted with a DB-1 column, 60m x 250 
µm and film thickness 0.25 µm. The injector temperature was kept constant at 280 ºC, the 
pressure at 23.30 psi, and the total flow at 17.1ml/min, with a split ratio of  5:1 and a split 
flow of 13ml/min. The sample amount was 1µl.  
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The oven temperature was started at 60 ºC, with an isothermal hold for 5 minutes, and 
then raised to 300 ºC at a rate of 5 ºC per minute and held for 10 minutes [60-5-5-300-
10]. The carrier gas used was helium with flow 1.3 ml/minute. 
The flame ionization detector temperature was 325 ºC, hydrogen flow 35 ml/minute, air 
300 ml and make-up gas (helium) 25 ml/minute. The gas chromatograph was connected 
to a sulfur chemiluminescence detector with a furnace temperature 800 ºC, hydrogen flow 
40 ml/minute, air 5-6 ml/minute and pressure 300-420 m bar. 
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2.8.2   Retention time determination of sulfur compounds peaks 
The GC-FID/CSD was calibrated by using certified standards to identify the sulfur 
compounds in diesel. One micro-liter of each standard was injected into the GC-
FID/CSD individually to identify its retention time, such as benzothiophene and its 
derivatives and dibezoithiophene and its derivatives. 
Figure 17: Sulfur compounds’ retention time identification by GC-FID/CSD  
 
 
 
DBT 
2FDBT 
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2.8.3  Analysis of sulfur compounds in diesel using GC-FID/CSD  
Certified sulfur compounds were injected into the GC-FID/CSD and GC-MSD to identify 
their retention times, some of which are shown in Table 11. 
Table 12. Sulfur species in diesel. 
 
Number  Abbreviation Analyte Molecular 
Weight 
Retention 
Time  
GC-SCD 
1 DBT dibenzothiophene 184 36.000 
2 4-MDBT 4-methyldibenzothiophene 198 38.216 
3 2-MDBT 2-methyldibenzothiophene 198 38.569 
4 3-MDBT 3-methyldibenzothiophene 198 36.588 
5 1-MDBT 1-methyldibenzothiophene 198 39.058 
6 4-EtDBT 4-ethyldibenzothiophene 212 40.056 
7 4,6-DMDBT 4,6-dimethyldibenzothiophene 212 40.253 
8 2,4-DMDBT 2,4-dimethyldibenzothiophene 212 40.553 
9 2-EtDBT 2-ethyldibenzothiophene 212 40.518 
10 3,6-DMDBT 3,6-dimethyldibenzothiophene 212 40.627 
11 2,8-DMDBT 2,8-dimethyldibenzothiophene 212 40.977 
12 1,4-DMDBT 1,4-dimethyldibenzothiophene 212 41.092 
13 1,3-DMDBT 1,3-dimethyldibenzothiophene 212 41.362 
14 2,3-DMBT 2,3-dimethyldibenzothiophene 212 28.508 
15 4-PropylDBT 4-propyldibenzothiophene 226 41.781 
16 1,2-DMDBT 1,2-dimethyldibenzothiophene 212 42.139 
17 2-PropylDBT 2-propyldibenzothiophene 226 42.364 
18 2,4,7-TMDBT 2,4,7-trimethyldibenzothiophene 226 43.50 
19 4-ButylDBT 4-butyldibenzothiophene 240 43.725 
20 2,3,7-TMDBT   2,3,7-trimethyldibenzothiophene 226 43.919 
21 2-ButylDBT 2-butyldibenzothiophene 240 44.366 
22 4-PentylDBT 4-pentyldibenzothiophene 256 45.552 
23 2-PentylDBT 2-pentyldibenzothiophene 256 46.202 
24 1-PhDBT 1-phenyldibenzothiophene 260 47.568 
25 4-PhDBT 4-phenyldibenzothiophene 260 49.535 
26 2-PhDBT 2-phenyldibenzothiophene 260 50.929 
27 3-PhDBT 3-phenyldibenzothiophene 260 51.197 
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Figure 18 below shows sulfur species in diesel before extraction by using the GC-
FID/CSD. The diesel sample was injected into the GC-FID/CSD for sulfur compounds 
separation. 
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Figure 18.  Typical chromatogram for diesel sample 
 
2.9  Procedures for mixing crude oil with organic solvent 
 
Arabian, medium and heavy crude oil samples were analyzed for density, sulfur content 
and element contents before any treatment. Then, the crude oil samples were mixed with 
organic solvents by using a 1:1 (20 ml of crude with 20 ml with organic solvent) ratio and 
a 1:2 ratio (20 ml of crude mixed with 40 ml with solvents) in order to evaluate the 
solvents’ efficiency in the removal of sulfur compounds. The crude oil samples were 
mixed with each solvent for 30 minutes and kept for 2 hours for clear separation between  
two phases. The experiment was conducted at room temperature and atmospheric 
pressure by using a 100 ml separatory funnel. The crude oil phase was separated from the 
organic solvent and then analyzed for total sulfur content.     
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2.10   Deep desulfurization using Y-zeolite, H-zeolite and activated carbon  
 
Three adsorbents (Y-zeolite, H-zeolite and activated carbon) were used to reduce the 
sulfur content in model compounds, diesel and crude oil. These adsorbents were used 
because they have high selectivity and capacity for sulfur compounds and easy 
regeneration. The adsorbents were kept in an oven at 250 ºC for 4 hours to remove any 
moisture prior to the experiments.  The adsorbents were used in the second step to 
remove the DBT and 4,6-DMDBT from the model compounds after the sulfur 
compounds were extracted by organic solvents. The experiment was conducted by using 
40 mls of model compounds mixed with 20 mls of organic solvent for about 10 minutes, 
and then the model was separated from the organic solvent. About 20 mls of extracted 
model compound was passed through 5 grams of adsorbents by using a 100ml separatory 
funnel.  The total sulfur of the model compounds was analyzed before and after treatment 
(extraction and adsorption) by using GC-FID/CSD. 
An NMR technique was used to study the effect of DBT and 4,6DMDB spectra before 
and after treatment. The compositions of Y-zeolite, H-zeolite and activated carbon were 
identified by a scanning electron microscope. 
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CHAPTER 3 
MODEL COMPOUNDS: RESULTS AND DISCUSSION 
3.1  Sulfur compound extraction equilibrium in model compounds 
The extraction equilibrium was studied for every individual extraction ratio:    
A:  1: 1 (20 ml of model compound with 20 ml of organic solvent) 
B:  1: 2 (20 ml of model compound with 40ml of organic solvent) 
C:  1: 3 (20 ml of model compound with 60ml of organic solvent)  
D:  2: 1 (40 ml of model compound with 20ml of organic solvent) 
by using a model compound containing 846ppm sulfur in the form of DBT, thiophene 
and 4,6-DMDBT. Total sulfur analysis was conducted at 5, 10, 15, 20, 30, 40 and 60 
minutes on the model compound treated with solvent. The results show that the 
equilibrium was usually reached after 10 to 15 minutes of contact between the model 
compound and organic solvent. The total sulfur content began to stabilize after 10 
minutes, as shown in Figure 19.  
 
Figure 19. Sulfur content versus contact time 
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Having achieved this extraction equilibrium, each model compound was mixed with 
organic solvent in each of the four ratios for ten to fifteen minutes in a separatory funnel. 
Following this, the mixtures were left for about five minutes to complete the separation 
between the two phases (organic solvent and model compound).  
3.2  Results of analyzing the model compounds  
 The model compounds were injected into GC-FID/CSD to identify each compound’s 
retention time (the time needed to separate each compound). The retention times of 
hexane, thiophene, toluene, dodecane, hexadecane, dibenzothiophene (DBT) and 4,6 
dimethyldibenzothiophene were found at 5.48 , 5.98, 7.03, 12.0, 15.32  16.64 and 18.00 
minutes respectively, as shown in Table 12. 
Table 13 : Components of model compound A with their retention time by using the GC- 
                   FID/CSD 
 
Analyte Retention Time 
Hexane 5.48 
Thiophene 5.98 
Toluene 7.03 
Hexadecane 15.32 
Dibenzothiophene (DBT) 16.640 
4,6 Dimethyldibenzothiophene 18.00 
Dodecane ~ 12.0 
 
Figure 20 shows a detailed GC-FID/CSD chromatogram for the model compound A 
before extraction or adsorption techniques were used. The first peak of the model 
compound represents hexane, which appears at 5.48 minutes. The second peak represents 
thiophene, which comes at 5.98. The third peak is toluene at 7.03. The fourth peak is 
dodecane, which comes at 12 minutes. The fifth, hexadecane, comes at 15.32 minutes. 
The sixth, dibenzothiophene, comes at 16.64 minutes. The final peak of the model 
compound, which is 4.6 dimethyl dibenzothiophene, appears at 18 minutes. 
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Figure 20. GC-FID/CSD chromatogram of model compound A   
 
 A representative sample of model compound B was injected into a GC-FID/GC-CSD 
column to establish the retention time of each component. The retention times of hexane, 
thiophene, toluene, dodecane, hexadecane dibenzothiophene (DBT) and 4,6 (DMDBT) 
dimethyldibenzothiophene were found at 5.48, 5.98, 7.03, 12.0, 15.32, 16.640 and 18.00 
minutes respectively, as shown in Table 13. 
Table 14: Components of model compound B with their retention time by using GC-     
                  FID/CSD 
                  
Analyte Retention Time 
Hexane 5.48 
Thiophene 5.98 
Toluene 7.03 
Hexadecane 15.32 
DBT  16.640 
4,6 Dimethyldibenzothiophene 18.0 
Dodecane ~ 12.0 
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Figure 21 shows a detailed GC-FID/CSD chromatogram for model compound B prior to 
using extraction or adsorption techniques.  
   
 
 Figure 21. GC-FID/CSD chromatogram of model compound B   
 
3.3      Model compound A extraction 
3.3.1 Model compound A extracted with furfural 
The first extraction experiment was conducted with the model compound A by using the 
organic solvent furfural. This experiment was conducted to study the effectiveness of 
furfural in removing sulfur and aromatic compounds by using direct extraction, and also 
to study how much organic solvent and model compound was lost during the transaction. 
These trials showed that the extraction equilibrium between organic solvent (furfural) and 
model compound (DBT) was achieved in 10 minutes, and phase separation was achieved 
in about ten seconds.  
1 ml of the model compound remained in the organic solvent after the two phases 
separated during an experiment with a 1:1 ratio (20ml of model compound with 20 ml of 
organic solvent). 
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 1.5 ml of the model compound remained in organic solvent after separation during an 
experiment with a 1:2 ratio (20 ml of model compound with 40 ml of organic solvent).    
2 ml of the model compound remained in the organic solvent during an experiment with 
a 1:3 ratio (20ml of model compound with 60 ml of organic solvent). Conversely, around 
0.5 ml of the model compound remained during an experiment with a 2:1 ratio (40ml of 
model compound with 20 ml of organic solvent) as shown in Table 14. 
Table 14 shows the percentage of the model compound lost or remaining in the solvent 
after extraction. 5% remained during a 1:1 ratio (20 ml of model compound mixed with 
20 ml of furfural),  7.5% during a 1:2 ratio, and 10 %  during a 1:3 ratio.  
Table 15. The effect of furfural extraction in model compound A 
 
Model 
compound  
ml  
Furfural  
ml  
Model 
compound 
recovery  
ml 
Furfural  
recovery  
ml 
Model  
compound  
lost ml 
Model  
lost  
% 
20 20 19 21 1.0 5 
20 40 18.5 41.5 1.50 7.5 
20 60 18 62 2.0 10 
30 15 29.5 15.50 0.50 1.5 
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Figure 22 shows the percentage of model compound lost, ranging from 5-10%, increasing 
according to the volume of organic solvent. 5% was lost during a 1:1 ratio (20 ml of 
model compound mixed with 20 ml of furfural), 7.5% during a 1:2 ratio (20ml of model 
compound mixed with 40ml organic solvent) and 10 % during a 1:3 ratio (20ml of model 
compound mixed with 60ml organic solvents) 
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Figure 22. Impact of direct furfural extraction on model compound  
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3.3.1.1   Model compound (A) extraction results 
1- Sulfur content was reduced from the original concentration of 846 ppm  to 213 ppm 
during an experiment with a 1:1 ratio (20ml of model compound with 20 ml of 
organic solvent). About 75 % of sulfur content was extracted from model compound 
A by using furfural. The percentage figure was calculated as follows:  
    Original concentration (846 ppm) - residual conc. of sulfur compounds (213)    100             
    Original concentration of (846 ppm)       
    
2- Sulfur content was reduced from 846 ppm to 127 ppm with a 1:2 ratio. About 85% of 
sulfur content was removed. 
3- Sulfur content was reduced from 846 ppm  to 85 ppm  with a 1:3 ratio. About 90 % of 
the sulfur content was extracted with furfural. 
4- However, the sulfur content only decreased from 846 ppm to only 367 ppm with a 2:1 
ratio. Only about 57% of the sulfur compounds was removed, as shown in Table 15.   
Table 16: Sulfur extraction in model compound A (ppm) with furfural  
   
Component Sulfur   
content 
before 
Ext. 
(ppm ) 
 
Sulfur 
after 
Ext. 
(2:1) 
ppm 
Sulfur   
after 
Extraction 
(1:1) 
ppm 
Sulfur conc. 
after 
Extraction 
(1:2) 
ppm 
Sulfur   
after 
Extraction 
(1:3) 
ppm 
Thiophene 539 
 
253 148 90 61 
Dibenzothiophene 222 
 
74 40 22 14 
4,6-dimethy- 
dibenzothiophene 
86 
 
40 25 15 10 
Total sulfur 846 367 213 127 85 
 
 
 Figure 23 below shows this result in percentage form, and it shows the effectiveness of 
furfural in all four ratios. 
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Figure 23: Graphs showing sulfur concentrations in ppm according to the ratio of model 
compound to solvent 
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Table 17: Model compound (A) extracted with furfural     
Component  Component  
before  
Extraction   
ppm 
 Component 
conc. 
after  
Extraction 
 (2:1) ppm   
 Component 
conc. 
after    
Extraction 
(1:1 ) ppm   
Component  
Conc. 
after    
Extraction 
(1:2) ppm   
Comp. 
after  
Ext. 
(1:3)  
ppm 
n-Hexane 881 783 699 636 573 
Thiophene  1418 665 390 
 
237 
 
163 
 
Toluene  1328 866 608 408 292 
Hexadecane  1054 1011 1010 1029 1002 
Dibenzothioph-
ene  
1307 436 
 
238 
 
132 
 
84 
 
4,6-dimethy- 
dibenzothioph-
ene 
575 268 
 
170 
 
105 
 
68 
 
Total sulfur 
components    
3300 1369   798 474 315 
 
Figure 24 shows how the ratio of the model compound A to furfural influences the 
extraction efficiency. Increases in the ratio of organic solvent to the model fuel result in a 
proportional increase in sulfur compound and aromatic compound removal.     
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Figure 24 . Sulfur compound extraction with furfural 
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Table 17 shows the removal of sulfur compounds (thiophene, dibenzothiophene and 4,6-
dimethyldibenzothiophene from model compound A by using furfural. It indicates that 
around 90% of sulfur compounds were removed by using furfural with a 1:3 ratio.  
Table 18. Sulfur compound and sulfur extraction with furfural (%) 
Component Sulfur  
compound 
extraction 2:1 
 ( %)  
Sulfur  
compound 
extraction 1:1 
  ( %) 
Sulfur  
 compound 
extraction 1:2   
  ( %) 
Sulfur 
compound 
extraction 1:3 
  ( %) 
Thiophene  53 72 83 88 
Dibenzothiophene  66 82 90 94 
4,6-Dimethyl- 
dibenzothiophene  
53 71 82 88 
 
Figure 25 shows that the percentage of sulfur compounds removed increases when the 
amount of solvent increases. The percentage of DBT removal was more than that of 
thiophene or 4,6-DMDBT using furfural. Furfural extracted 94 % of DBT with a 1:3 ratio 
while 88% of thiophene and 4,6 DMDBT were extracted with a 1:3 ratio. It may 
therefore be concluded that DBT is more soluble in furfural than thiophene and 4,6-
DMDBT. 
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Figure 25: Percentage removal of sulfur content by using furfural  
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3.3.2  Model compound (A): extraction by using 5-methylfurfural 
 
The organic solvent 5- methyl furfural is highly selective for sulfur compounds as well as 
aromatic compounds. The experiments were conducted at room temperature and 
atmospheric pressure. The ratio between the model compound A and 5-methyl furfural 
was 1:1, 1:2, 1:3 and 2:1, as described in the next section (3.5). 
The extraction equilibrium was studied for each extraction ratio. Total sulfur was 
measured by the Antik instrument after 5, 10, 15, 20, 25, 30 minutes. The results showed 
that the equilibrium was reached after 10 minutes, as shown in Figure 26. 
 
Figure 26. Sulfur content versus contact time 
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When model compound A was extracted by using 5-Methylfurfural, the results were as in 
Table 18 which summarizes the quantities of model compound lost during the 1:1, 1:2, 
and 1:3 ratio experiments. The loss increased from 5% to 10 % as the solvent volume 
increased, but the lost compound can be recovered during the solvent regeneration 
process. 
Table 19. The effect of 5-methylfurfural extraction in model compound A 
 
Model 
compound  
ml  
5-methyl 
Furfural  
ml  
Model 
compound 
recovery  
ml 
5-methyl 
Furfural  
recovery  
ml 
Model  
compound  
lost ml 
Model  
lost  
% 
20 20 19 21 1.0 5 
20 40 18.5 41.5 1.50 7.5 
20 60 18 62 2.0 10 
30 15 29.5 15.50 0.50 1.5 
 
These figures are shown in graphic form in Figure 27 below. 
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Figure 27. Effect of direct extraction with 5-methylfurfural on model compound.   
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Table 19 shows how the concentration of sulfur compounds remaining in the model fuels 
continued to decrease rapidly as the volume of 5-methyl furfural was increased. The 
sulfur compounds’ concentration was reduced from 3300 ppm to 718 during a 1:1 ratio 
experiment, meaning that 78% of sulfur compounds were removed. The sulfur 
compounds were reduced from 3300 to 405 ppm during a 1:2 experiment; i.e. 88 % of 
sulfur compounds were removed. When the ratio was 1:3, sulfur compounds were 
reduced from 3300 to 240 ppm, meaning an elimination of 93% of sulfur compound. 
However, during a 2:1 experiment, a decline in the composition of sulfur compounds 
from 3300 ppm to 1305 ppm meant that only 60% of sulfur compounds were extracted 
with 5-methyl furfural.  
The aromatic compound (toluene) concentration was reduced from 1328 to 226 ppm 
during 1:3 ratio. About 83% of toluene was removed with a 1:3 ratio, as shown in Table 
19. Aliphatic compounds, however, were less affected by organic solvents compared to 
aromatic and sulfur-containing compounds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 63 
Table 20. Model compound extracted by using 5-methylfurfural 
 
Component  Component 
conc.  
before  
extraction   
ppm 
 Component 
conc. 
after 
extraction  
(2:1) 
ppm   
Component  
conc. 
after 
extraction  
(1:1) 
ppm   
Component 
Conc. 
after 
extraction  
(1:2) 
ppm   
Comp.  
conc.   
after   
(1:3)  
ppm 
n-Hexane 881 768 696 585 447 
Thiophene  1418 659 380 
 
219 
 
130 
 
Toluene  1328 851 565 336 226 
Hexadecane  1054 1025 1022 1039 921 
Dibenzothioph-
ene  
1307 404 201 
 
111 
 
67 
 
4,6-dimethy- 
dibenzothioph-
ene 
575 242 
   
137 
 
75 
 
43 
 
Total sulfur 
components   
3300 1305    718  405  240 
 
Figure 28 displays how sulfur compound concentrations declined when the amount of  5-
methylfurfural was increased. The thiophene concentration decreased from 1418 ppm to 
130 ppm. The DBT concentration was reduced from 1307 to 67 with a 1:3 ratio ppm.  
The 4,6-DMDBT concentration decreased from  575 to 43 ppm.  
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Figure 28. Sulfur compounds removal with 5-methylfurfural 
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Table 20 summarizes the percentage of sulfur compounds extracted by using 5-
methylfurfural.  The results show that sulfur-containing compounds are more soluble in 
5-methylfurfural. The extraction percentage of thiophene was 91 % during 1:3 ratio.  The 
DBT extraction percentage was increased from 70 to 95 % by using 2:1 and 1:3 ratios 
respectively and the extraction percentage of 4,6-DMDBT was increased from 57 to 93 % 
by using 2:1 and 1:3 ratio, as the solvent ratio increased. The results indicated that 5-
methylfurfural is highly efficient in extracting sulfur-containing compounds and aromatic 
compounds, as shown in Figure 27. 
Table 21. Sulfur compound and sulfur extraction with 5-methylfurfural (%) 
 
Component Sulfur 
compound 
extraction 2:1 
( %) 
Sulfur compound 
extraction 1:1 
( %) 
Sulfur 
Compound 
extraction 1:2 
( %) 
Sulfur 
compound 
ext. 1:3 
( %) 
Thiophene  54 73 85 91 
Dibenzothiophene  70 85 92 95 
4,6-dimethyl- 
dibenzothiophene  
57 76 87 93 
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The data in Figure 29 show that dibenzothiophene (DBT) is more soluble than thiophene 
or 4,6-DMDBT in 5-methylfurfural, because about 95% of DBT was extracted from the 
model compound by using a 1:3 ratio, whereas 93% of 4,6- dimethyldibenzylthiophene 
and 91% of dibenzothiophene were removed. 
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Figure 29. Sulfur compound removal % by 5-methylfurfural 
 
 
3.3.3  Model compound (A) extracted with 2-acetyl- 5-methylfuran 
 
The extraction of sulfur, aromatic and aliphatic compounds was next studied by using the 
organic solvent 2-acetyl-5-methyfuran. Extraction equilibrium was achieved in about 10 
minutes, and the phase separation was achieved in less than 10 seconds. In this 
experiment, the model compound was mixed with solvent using 1:1, 1:2 and 1:3 and 2:1 
ratio.   
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Table 22. The effect of  2-acetyl-5-methylfuran extraction with model compound A 
Model 
compound  
ml  
Furfural  
ml  
Model 
compound 
recovery  
ml 
Furfural  
recovery  
ml 
Model  
compound  
lost ml 
Model  
lost  
% 
20 20 19 21 1.0 5 
20 40 18.5 41.5 1.50 7.5 
20 60 18 62 2.0 10 
 
The sulfur compounds concentration was reduced from 3300 ppm to 1484, 815, 463 and 
303 ppm during  2:1, 1:1, 1:2 and 1:3 ratio respectively. About 55, 75, 80 and 90 % of the   
sulfur compounds extraction from the model compound was achieved by using the 
organic solvent 2-acetyl-5-methylfuran. Aromatic compound (toluene) concentration was 
reduced from 1328 ppm  to 846, to 577 to 373 and to 261ppm during 2:1, 1:1, 1:2 and 1:3 
ratio respectively. About 80 % of the aromatic compound concentration was extracted 
during the 1:3 ratio, as shown in Table 22. 
Table 23. Model compound A extracted by using 2-acetyl-5-methylfuran: 
 
Component  Compound 
concentration    
before  
extraction   
ppm 
Compound 
concentration  
after  
extraction. 
(2:1) 
ppm   
Compound. 
conc.  
after  
extraction  
 (1:1) 
ppm   
Comp. 
conc. 
after   
(1:2) 
ppm   
Comp. 
conc.   
after   
(1:3)  
ppm 
n-Hexane 881 724 660 669 495 
Thiophene  1418 717 416 
  
243 
  
161 
  
Toluene  1328 846 577 373 261 
Hexadecane  1054 967 1006 1069 1151 
Dibenzothioph-
ene  
1307 485 
  
246 
  
131 
  
82 
  
4,6-di methy- 
dibenzothioph-
ene 
575 282 
  
153 
  
89 
  
60 
  
Total sulfur 
components   
3300 1484 815 463 303 
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Figure 30 shows how sulfur compounds were reduced. Using a 1:3 ratio, Thiophene 
concentration was reduced from 1418 to 161 ppm, DBT from 1307 to 82 ppm and 4,6-
DMDBT from 575 to 60 ppm. It appears that 2-acetyl-5-methylfuran has the ability to 
extract sulfur compounds as well as aromatic compounds.   
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Figure 30. Model compound (A) extracted with 2-acetyl-5-methylfuran  
 
 
 
 
 
 
 
 
 
 
 68 
 
Table 23 and Figure 31 show that a higher percentage of dibenzothiophene (DBT) was 
extracted than that of thiophene and 4,6-DMDBT using 2-acetyl-5-methylfuran. About 
94% of DBT was removed from the model compound by using a 1:3 ratio, whereas 89% 
of thiophene and 90 %  of 4,6-DMDBT were removed by using the same ratio. 
Table 24. Sulfur content extraction with 2-acetyl-5-methylfuran  (%) 
 
Component Sulfur comp. 
ext. 2:1 
( %) 
Sulfur comp. 
ext. 1:1 
( %) 
Sulfur comp. 
ext. 1:2 
( %) 
Sulfur comp. 
ext. 1:3 
( %) 
Thiophene  50 71 83 89 
Dibenzothiophene  63 81 90 94 
4,6-dimethyl- 
dibenzothiophene  
51 73 85 90 
 
 
 
Figure 31. Percentage of sulfur compound extracted by using 2-acetyl-5-methylfuran 
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3.3.4   Model compound extracted with diethylene glycol and furfuryl alcohol 
The extractability of the sulfur containing compounds was studied by using furfuryl 
alcohol and diethylene glycol at room temperature while maintaining the extraction 
procedure conditions as described in 3.5.  
As shown in Table 24, the results show that the organic solvents diethylene glycol and 
furfuryl alcohol were less efficient than furfural, 5-methylfurfural and 2-acety-5-
methylfuran for extracting either sulfur compounds or aromatic compounds. 68 % of the 
thiophene and 83% dibenzothiophene were removed during a 1:1 ratio experiment by 
using 5-methyl furfural, while 64% of thiophene and 78 % dibenzothiophene were 
removed with the same ratio by using  2-acetyl-5-methylfuran. Progressing down the 
scale and using the same (1:1) ratio,  54 % of the thiophene and 60 % of the 
dibenzothiophene were removed with furfuryl alcohol,l and 39 % of the sulfur 
compounds were removed during a 1:1 ratio experiment with diethylene glycol. 
Table 25 . Model compound extracted with 1:1 ratio with organic solvents 
 
Component  Comp. 
conc. 
before 
ext. 
ppm 
Comp. 
conc. 
after 
ext. 
5-methylfurfural 
ppm 
Comp. 
conc. 
after ext. 
furfuryl 
alcohol 
ppm 
Comp. 
conc. 
after ext 
2-Acetyl- 
5-methyl- 
furan 
ppm 
Comp. 
conc. 
after ext 
diethylene 
glycol 
ppm 
n-Hexane 508 435 473 418 509 
Thiophene  3768 1206 
 
1749 
 
1374 
 
2314 
 
Toluene  854 374 234 384 710 
Hexadecane  523 522 523 496 520 
Dibenzothioph-
ene 
1605 270 
 
651 
 
345 
 
969 
 
Total Sulfur   5373 1476 2400 1719 3283 
 
Table 25 displays the percentage of thiophene and dibenzothiophene extracted by various 
organic solvents. 
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Table 26. Sulfur compound extraction % with organic solvents in 1:1 ratio 
  
Component Sulfur  
compound 
extraction   
5-methyl 
furfural    
( %)  
Sulfur  
compound 
extraction  
2-acetyl5-
methyl-furan  
( %) 
Sulfur  
compound 
extraction   
furfuryl  
alcohol 
( %) 
Sulfur  
compound 
extraction  
diethylene glycol   
( %) 
Thiophene  68 64 54 38 
Dibenzothiophene  83 78 60 40 
 
3.4   Extraction efficiency for DBT and thiophene from the model fuel 
 The extraction efficiency of the organic solvents 5-methylfurfural, 2-acetyl-5-
methylfuran, furfural, furfuryl alcohol and diethlyene glycol for DBT and thiophene from 
the model fuel are compared in Figure 32. As shown in figure 32 these extraction results 
with the 1:1 ratio show that the organic solvents’ extraction capacity decreases in the 
order 5-methylfurfural > 2-acetyl-5-methylfuran > furfural > furfuryl alcohol > 
diethylene glycol. The organic solvents 5-methylfurfural, 2-acetyl-5-methylfuran and 
furfural demonstrated a higher level of efficiency compare to furfuryl alcohol and  
diethylene glycol for sulfur and aromatic compounds extraction.  
Figure 32. Extraction of thiophene and DBT from dodecane by using different organic 
solvents.  
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3.4.1  Competitive extraction for thiophene and  DBT in organic solvents 
 
A new model compound was prepared by mixing hexane 567 ppm, hexadecane 521 ppm, 
toluene 480 ppm, and sulfur compound thiophene 4885 ppm  and DBT 1575 ppm as 
shown in Table 26. The model compound was prepared to study the extraction 
efficiencies of four organic solvents (5-methylfurfural, 2-acetyl-5-methylfuran, furfuryl 
alcohol and furfural) for sulfur compound as well as aromatic compounds from the model 
compound by using a 1:2 ratio experiment. As shown in Table 26, 27 and figure 33, the 
results show that the organic solvent furfuryl alcohol was less efficient than furfural, 2-
acetyl 5-methylfuran and furfural for extracting either sulfur compounds or aromatic 
compounds.   
Table 27 : Extraction of thiophene and DBT using 1:2 ratio with organic solvents 
 
Component Model 
compound 
before 
extraction 
ppm 
Model 
extracted  with 
furfuryl 
alcohol 
ppm 
Model 
extracted 
with 
2-acetyl-5- 
methylfuran 
ppm 
Model 
ext. with  
furfural 
ppm 
Model 
extracted 
with 
5-methyl- 
furfural 
ppm 
n-Hexane 567 503 409 466 435 
Thiophene 4885 1591 
 
1063 
 
1075 1018 
 
Toluene 980 443 275 308 286 
Hexadecane 521 530 526 521 526 
Dibenzothi-
ophene 
1575 388 
 
165 
 
170 
 
144 
 
 
Table 28. Sulfur compound extraction (%) with organic solvents 1:2  ratio 
  
Component Sulfur  
compound 
extracted  
 5-methyl- 
furfural    
Sulfur  
compound 
extracted   
2-acetyl-5-methyl 
furan  
Sulfur  
compound 
extracted  
furfural  
 
Sulfur  
compound 
extracted  
furfuryl  
alcohol 
Thiophene  79 78 78 68 
Dibenzothiophene  91 89.5 89.2 75 
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 Figure 33 shows the extraction efficiency of organic solvents for sulfur and aromatic 
compounds to be in the order 5-methyl furfural >  2-acetyl-5-methylfuran >  furfural > 
furfuryl alcohol.  
 
Figure 33 . Extraction of DBT and thiophene from model fuel by using organic solvents. 
3.5  Model compound B preparation 
 
Model compound A and other model compounds were prepared by mixing different 
molarities in order to simulate gasoline and diesel.  On the other hand, model compound 
B consists of aliphatic compounds (n-hexane, hexadecane, n-dodecane) aromatic 
compounds (toluene) and sulfur compounds (thiophene, dibenzothiophene (DBT) and 
4,6-dimethyldibenzothiophene (4,6-DMDBT)). It was prepared by mixing equal 
molarities (0.0038) of each compound, as shown in Table 28. Model compound B was 
prepared in order to evaluate the effectiveness of organic solvents on model compounds 
and to compare the extraction results between model fuels A and B. Model compound B 
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was prepared by weight  0.37 gram of toluene, 0.33 n-hexane, 0.86 grams of hexadecane, 
0.71 grams of  DBT, 0.35 thiophene, 0.81grams of  4,6-DMDBT into a 500 ml separatory 
funnel and then the solution was made up with n-dedecane to 500 ml.   
Table 29.  Model compound B concentration 
 
Model compound B was extracted with different organic solvents by using 1:1, 1:2, 1:3 
and 2:1 ratios at room temperature and atmospheric pressure. Both phases were separated 
in fewer than ten seconds. 
3.5.1   Sulfur compound extraction equilibrium 
 
 Total sulfur analysis was conducted at 5, 10, 15, 20 and 30 minutes in each extraction 
experiment to determine the extraction equilibrium. The results show that the extraction 
equilibrium was reached after 10 minutes of mixing the model compound with the total 
Name of 
Chemical 
Molarity  
of Solution  
Chemical 
mol. Wt 
(g/mole) 
Actual  
Weight 
 (g)   
Concentration 
for each 
chemical  
(ppm) 
Total  
Sulfur  
ppm  
  
Toluene  
 
0.0038 92.14 0.36716 984.87    
N-Hexane  
 
0.0038 86.16 0.32704 877.25    
Hexadecane 
  
0.0038 226.44 0.86407 2317.78    
DBT 
 
0.0038 184.26 0.71133 1908.07  332.0  
Thiophene  
 
0.0038 84.14 0.34545 926.63  352.4  
4,6-DMDBT 
 
0.0038 214.26 0.80513 2159.68  323.95  
Total weight 
components  
    3.42018     
Total 
including 
dodecane  
    372.86   1008.36 
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sulfur content of 1008 ppm with 5-methylfurfural by using a 1:3 ratio, as shown in Figure 
34.  
 
Figure 34. Sulfur content versus contact time 
 
  
3.5.2 Model compound B extracted with furfuryl alcohol 
 
Model compound B was extracted with furfural alcohol by using different ratios as 
described in 3.5. The results show how the concentration of sulfur compounds in the 
model fuels continued to decrease when the volume of furfural alcohol was increased. 
The results showed that, when the concentration of sulfur compounds was reduced from 
4993 ppm to 3243, about 35 % of the sulfur compound was removed by using a 2:1 ratio.  
The amount of sulfur compounds was reduced by 51% from 4993 to 2459 ppm with the 
1:1 ratio. The sulfur compounds were reduced by 67% from 4993 to 1631 ppm during the 
1:2experiment. When the sulfur compounds were reduced from 4993 to 1231 ppm during 
the 1:3 experiment, 75 % of the sulfur compounds were removed. The results showed that 
the aromatic compound (toluene) was reduced from 984 to 900, 434 and to 327 ppm, 
using 1:1, 1:2 and 1:3 ratios, respectively. About 56% was extracted with the  1:2 ratio,   
and 67 %  with the 1:3 ratio.  However, 24 % was extracted with the a 2:1 ratio.  The 
aliphatic compounds (n-hexane and hexadecane) were analyzed and measured by GC-
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FID. The results showed that the amount of aliphatic compounds was reduced from 3194 
ppm to 3119, to 3081, and down to 3042 ppm, with ratios of 1:1, 1:2 and 1:3 respectively.  
About 2.3 % of the n-hexane and hexadecane was removed by using the 1:1 ratio, and 
3.5% by the 1:2 ratio, while 4.7 % of aliphatic compounds were removed by using the 1:3 
ratio as shown in Table 29. 
 
Table 30. Model compound B extracted with furfuryl alcohol 
 
Name of 
chemical 
Concentration 
for each 
chemical 
(ppm ) 
Compound 
conc. 
after 
extraction. 
(2:1) 
ppm 
Compound. 
conc. 
after 
extraction 
(1:1) 
ppm 
Comp. 
Conc. 
after 
extraction 
(1:2) 
ppm 
Comp. 
conc. 
after 
ext. 
(1:3) 
ppm 
Toluene 984 749 900 434 327 
N-Hexane 877 795 749 702 652 
Hexadecane 2317 2313 2370 2379 2390 
DBT 1908 1082 791 461 331 
Thiophene 926 537 308 237 174  
4,6DMDBT 2159 1624 1360 933 726 
Solvent conc. in 
the model system 
(%) 
 0.30 0.30 0.40 0.42 
 
 The organic solvent concentration remaining in the model compounds was measured 
after each extraction experiment. The results show that the model compound contained 
0.30 % of furfural alcohol after extraction with a 2:1 ratio and also with a 1:1 ratio, but 
the concentration of furfural alcohol was increased to 0.40 % during the 1:2 ratio and to 
0.42 with the 1:3 ratio. However, the solvents that remain in the feed can be separated 
and regenerated.    
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Table 30 and figure 35 show the effectiveness of furfuryl alcohol in removing sulfur, 
aromatic and aliphatic compounds from model fuels during 2:1, 1:1 and 1:2 and 1:3 ratio 
experiments. They indicate that the organic solvent (furfuryl alcohol) has some ability to 
remove sulfur compound and aromatic compounds, but is less effective in removing 
aliphatic compounds.  
Table 31 . Compounds (aliphatic, aromatic and sulfur compounds) extraction (%) by  
                   using furfuryl alcohol  
 
Total Extraction 
%  
Compounds 
extraction 
with 2:1 
( %) 
Compounds 
extraction 
with 1:1 
(%) 
Compounds 
extraction 
with 1:2 
(%) 
Compounds 
extraction 
with 1:3 
(%) 
Total sulfur 
content 
extraction %  
37 52 69 77 
Total aliphatic 
(hexane and 
hexadecane ) 
extraction  
2.7 2.3 3.5 4.7 
Total aromatic 
(toluene ) 
extraction  
24 8.5 56 67 
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Figure 35: Model compound B extraction results using furfuryl alcohol. 
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3.5.3   Model compound B extracted with 5-methylfurfural  
 
 The extractability of the sulfur-containing compounds was studied by mixing model 
compound B with 5-methylfurfural by using 2:1,  1:1,  1:2 and  1:3 ratios at room 
temperature and atmospheric pressure. Table 31 shows the sulfur, aromatic and aliphatic  
compounds’ concentration continued to decrease when the volume of organic solvent (5-
methyl furfural) was increased. Tables 31 and 32 show that the total sulfur content  was 
reduced from 1008 ppm to 94 ppm by using the 1:3 ratio, while 91 % of sulfur content 
was removed from model compound B by using 5-methylfurfural. The aromatic 
compound (toluene) was reduced from 984 to 454 to 284 and to 211ppm, respectively 
during 1:1, 1:2 and 1:3 experimental ratios. The aliphatic compounds (n-hexane and 
hexadecane), aromatic compounds were analyzed and measured by GC-FID. The 
concentration of organic solvent remaining in the model compound B after each 
experiment was measured by using GC-FID, ranging from 2.2 to 2.90 %, as implied in 
Table 31.      
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Table 32. Model compound B extracted with 5-methylfurfural  
 
Name of chemical Concentration 
for each 
chemical 
(ppm) 
Compound 
conc. 
after  
extraction  
(2:1) 
ppm 
Compound 
conc. 
after  
extraction  
(1:1) 
ppm 
Compound. 
Conc. 
after  
extraction  
(1:2) 
ppm 
Comp. 
conc. 
after 
ext. 
(1:3) 
ppm 
Toluene 984 644 454 284 210 
N-Hexane 877 799 746 680 595 
Hexadecane 2317 2269 2319 2469 2498 
DBT 1908 567 325 161 112 
Thiophene 926 454 282 152 110 
4,6DMDBT 2159 950 600 326 228 
Total Sulfur  ppm 4993 1971 1207 639 450 
Solvent conc. in 
the model system 
(%) 
 2.90 2.60 2.20 2.70 
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Table 32.and figure 36 show the effectiveness of 5-methylfurfural in removing  sulfur, 
aromatic and aliphatic compounds  from the model compound during 2:1, 1:1 and 1:2 and 
1:3 ratio experiments. The results showed that the organic solvent 5-methylfurfural has 
considerable ability to remove sulfur compounds and aromatic compounds, but is less 
effective in removing aliphatic compounds.  
Table 33. Extraction of aliphatic, aromatic and sulfur compounds by using  
                5-methylfurfural   
 
Total Extraction 
% 
Compounds 
Ext. with 
2:1 
(%) 
Compounds 
Ext. with 1:1 
(%) 
Compounds 
Ext. with 1:2 
(%) 
Compounds 
Ext. with 1:3 
(%) 
Total sulfur 
content 
extraction % 
55 75 87 91 
Total aliphatic 
(hexane and 
hexadecane ) 
extraction 
3.9 4.0 1.4 3.0 
Total aromatic 
(toluene ) 
extraction 
34 53 71 78 
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Figure 36 . Total  % extraction of sulfur, aromatic and aliphatic compounds by 5-methyl 
furfural 
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3.5.4   Model compound B extracted with furfural 
 
Table 33 indicates how the concentration of sulfur compounds in the model compound B 
continued to decrease rapidly when the volume of furfural was increased. Table 33 also 
indicates that the aromatic compound (toluene) was removed from model compound B by 
using furfural. The concentration of aromatic compound was reduced successively from 
984 ppm to 502 to 295 and to 240 by using 1:1, 1:2 and 1:3 ratio, respectively. However, 
by using 2:1 ratio, the aromatic compound was reduced from 984 ppm to 668 ppm, 
(about 32 %). Aliphatic compounds concentration (n-hexane and hexadecane) were 
analyzed and measured by GC-FID. The aliphatic compounds concentrations were 
reduced from 3194 ppm to 3106, 3030,and to 3060 ppm, with 1:1, 1:2 and 1:3, 
respectively, i.e. between 2.7 to 5 %. The concentration of organic solvent remaining in 
model compound B after each experiment was measured by using GC-FID, ranging from 
1.2 to 1.8 %, as also shown in Table 33 .      
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Table 34. Model compound B results extraction with furfural  
 
Name of chemical Concentration 
for each 
chemical 
(ppm ) 
Comp. 
conc. 
after ext. 
(2:1) 
ppm 
Comp. 
conc. 
after ext. 
(1:1) 
ppm 
Comp. 
Conc. 
after ext. 
(1:2) 
ppm 
Comp. 
conc. 
after 
ext. 
(1:3) 
ppm 
Toluene 984 668 502 295 240 
N-Hexane 877 815 785 619 658 
Hexadecane 2317 2282 2321 2411 2402 
DBT 1908 652 391 205 134 
Thiophene 926 465 310 136 127 
4,6DMDBT 2159 1107 738 428 300 
Solvent conc. in 
the model system 
(%) 
 1. 9 % 1. 8% 1. 3 % 1. 8 % 
 
Table 34 and Figure 37 show the effectiveness of furfural in removing  sulfur, aromatic 
and aliphatic compounds from model compounds during 2:1, 1:1, 1:2 and 1:3 ratio 
experiments .   
Table 35. Extraction of aliphatic, aromatic and sulfur compounds with furfural   
 
Total Extraction 
% 
Compounds 
extraction 
with 2:1 
(%) 
Compounds 
extraction 
with 1:1 
(%) 
Compounds 
extraction 
with 1:2 
(%) 
Compounds 
extraction 
with 1:3 
(%) 
Total sulfur 
content 
extraction % 
55 71 85 88 
Total aliphatic 
(hexane and 
hexadecane ) 
extraction 
3 2.7 5 4 
Total aromatic 
(toluene ) 
extraction 
32 49 70 76 
 
 
 82 
Model Compound (B) Extracted with Furfural
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Figure 37.Total sulfur, aromatic and aliphatic compounds extraction % with furfural  
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3.5.5  Model compound B extracted with 2-acetyl-5-methylfuran 
 
 Table 35 shows how the concentration of sulfur and aromatic compounds in the model 
compound B decreased rapidly when the volume of 2-acetyl-5-methylfuran was 
increased. Table 35 shows the removal of toluene from model compound B with 2-acetyl-
5-methylfuran. The extraction of aliphatic compounds (n-hexane and hexadecane) by 
using 2-acetyl 5-methylfuran was also measured. Table 35 shows that the aliphatic 
compounds concentration were reduced from 3194 ppm to 3053, 3172, and 3015 ppm 
with 1:1, 1:2 and 1:3 ratios, respectively. The concentration of organic solvent remaining 
in the model compound B after each extraction with 2-acetyl-5-methylfuran was 
measured using GC-FID. The results range from 1.3 to 2.2 %, which is indicated in Table 
35.      
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Table 36. Model compound B extracted with 2-acetyl-5-methylfuran. 
  
Name of chemical Concentration 
for each 
chemical 
(ppm) 
Comp. 
conc. 
after ext. 
(2:1) 
ppm 
Comp. 
conc. 
after ext. 
(1:1) 
ppm 
Comp. 
Conc. 
after ext. 
(1:2) 
ppm 
Comp. 
conc. 
after 
ext. 
(1:3) 
ppm 
Toluene 984 650 483 295 235 
N-Hexane 877 787 763 691 630 
Hexadecane 2317 2275 2290 2481 2385 
DBT 1908 637 365 185 120 
Thiophene 926 468 297 168 118 
4,6-DMDBT 2159 1067 711 402 275 
Solvent conc. in 
the model system 
 2.10 1.92 1.30 2.20 
 
 
Table 37. Extraction of aliphatic, aromatic and sulfur compounds by using  
                 2-acetyl-5-methylfuran   
 
Total Extraction 
% 
Compounds 
Extraction 
with 2:1 
(%) 
Compounds 
Extraction 
with 1:1 
(%) 
Compounds 
Extraction 
with 1:2 
(%) 
Compounds 
Extraction 
with 1:3 
(%) 
Total sulfur 
content 
extraction % 
55 72 85 89 
Total aliphatic 
(hexane and 
hexadecane ) 
extraction 
4 4.4 0.6 5.6 
Total aromatic 
(toluene ) 
extraction 
33 51 70 76 
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Figure 38: Model compound B extracted with 2-acetyl-5-methylfuran. 
 
3.5.6 Model compound B extracted with acetyl acetone 
 
The model compounds (A and B) were extracted with acetyl-acetone using 1:1 and 2:1 
ratio. The results show that 60 % of the sulfur compounds DBT, thiophene and 4,6- 
DMDBT was removed using 1:1 ratio with acetyl-acetone and 34 % was removed with a  
2:1 ratio. On the other hand, 1:2 and 1:3 ratio experiments with acetyl acetone could not 
be done due to the lengthy separation times between the two phases. The separation was 
not clear between the two phases (model compound and acetyl-acetone).   
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3.5.7   Comparison between the organic solvents for sulfur compounds removal      
The extraction efficiency of the four organic solvents (5-methylfurfural, 2-acetyl-5-
methylfuran, furfuryl alcohol and furfural) in removing sulfur compounds from model 
compound B are compared in Tables 36 - 38 and Figure 37.  
5-methylfurfural showed a remarkably higher extraction capacity for both sulfur and 
aromatic compounds as compared to the other three solvents.  
The extraction capacity decreases in the following order: 
1- 5- methylfurfural reduced the total sulfur content from 1008 to 94  ppm  and 
reduced the aromatic compound from 984 to 210 ppm by using a 1:3 ratio   
2- 2 Acetyl-5-methylfuran reduced the total sulfur content from 1008 to 106 ppm 
and reduced the aromatic compound from 984 to 235 ppm by using a 1:3 ratio  
3- Furfural reduced the total sulfur content from 1008 to 115 ppm  and reduced the 
aromatic compound  from 984 to 240 by using a 1:3 ratio  
4- Furfuryl alcohol reduced the total sulfur content from 1008 to 230 ppm and 
reduced the aromatic compound from 984 to 327 by using the 1:3 ratio. 
Tables 36 to 38 tabulate these results as percentages, while Figure 39 displays graphically 
the 1:3 experiment’s percentage extractions. 
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Table 38. Model compound extraction using 1:1 ratio   
Total Extraction 
% 
Compounds 
Ext. with 
1:1 
furfuryl 
alcohol 
(%) 
Compounds 
Ext. with 
1:1 
furfural 
(%) 
Compounds 
Ext. with  1:1 
2-acetyl 
5-methylfuran  
(%) 
Compounds 
Ext. with 1:1 
5-methyl 
furfural 
(%) 
Total sulfur  
extraction % 
55 71 72 75 
Total aliphatic 
extraction %  
2.3 2.7 4.4 4 
Total aromatic 
extraction %   
8.5 49 51 53 
 
Table 39. Model compound extraction using 1:2 ratio   
Total Extraction 
% 
Compounds 
Ext. with 
1:2 
furfuryl 
alcohol 
(%) 
Compounds 
Ext. with 
1:2 
furfural 
(%) 
Compounds 
Ext. with  1:2 
2-acetyl 
5-methylfuran  
(%) 
Compounds 
Ext. with 1:2 
5-methyl 
furfural 
(%) 
Total sulfur  
extraction % 
69 85 85 87 
Total aromatic 
extraction %     
56 70 70 71 
 
Table 40. Model compound extraction using 1:3 ratio   
Total Extraction 
% 
Compounds 
Ext. with 
1:3 
furfuryl 
alcohol 
(%) 
Compounds 
Ext. with 
1:3 
furfural 
(%) 
Compounds 
Ext. with  1:3 
2-acetyl 
5-methylfuran  
(%) 
Compounds 
Ext. with 1:3 
5-methyl 
furfural 
(%) 
Total sulfur  
extraction % 
77 88 89 91 
Total aliphatic 
extraction %   
4.7 4 5.6 3 
Total aromatic    
extraction % 
67 76 76 78 
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Figure 39: Comparative extraction percentages for four solvents 
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Figure 40. Top chromatogram model compound B before extraction and bottom   
                 chromatogram model compound after extracted with 5-meythlfurfural 
 
The retention time of thiophene, dibenzothiophene and 4,6-dimethyldibenzothiophene 
was found at 5.98, 16.64 and 18.00 minutes respectively. Thiophene concentration was 
reduced from 1418 ppm to 130 ppm by using 1:3 ratio, dibenzothiophene concentration 
was reduced from 1307 ppm to 67 ppm by using 1:3 ratio and 4,6-DMDBT concentration 
was reduced from 575 ppm to 43 ppm by using 5-methylfurfural. 
 
Model compound after solvent 
extraction 5-methylfurfural  
  
Model compound before 
solvent extraction  
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Figure 41. Top chromatogram model compound B before extraction and bottom 
chromatogram model compound extracted with furfural. Sulfur compounds peaks 
reduced 
 
 
Figure 42. Top chromatogram model compound B before extraction and bottom after 
extraction with furfural. Solvent peaks appear in the bottom chromatogram 
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3.6  Comparison of the extraction of the two models using organic solvents    
 
  Tables 39-41 and Figure 41 show the sulfur compounds extraction percentages from 
model compound A and model compound B. As shown in Table 39, the results show that 
the sulfur-containing compounds were extracted to the same degree for both model 
compounds.  The difference in the reported concentration is within the error (2-4%) limits 
of GC technique. Therefore, these solvents have high selectivity for sulfur-containing 
compounds.         
Table 41. Model compound (A&B): extraction using 1:1 ratio 
    
Total Sulfur 
Content 
Extraction (%) 
Compounds 
Ext. with 
furfural 
(%) 
Compounds 
Ext. with 
2-acetyl 
5-methylfuran  
(%) 
Compounds 
Ext. with 
5-methyl 
furfural 
(%) 
Model 
Compound (A) 
75 75 78 
Model 
compound (B) 
71 72 75 
 
Table 42: Model compound (A&B): extraction using 1:2 ratio  
   
Total Sulfur 
Content 
Extraction (%) 
Compounds 
Ext. with 
furfural 
(%) 
Compounds 
Ext. with 
2-acetyl 
5-methylfuran  
(%) 
Compounds 
Ext. with 
5-methyl 
furfural 
(%) 
Model 
Compound (A) 
86 85 87 
Model 
compound (B) 
85 85 87 
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Table 43: Model compound (A&B): extraction using 1:3 ratio  
   
Total Sulfur 
Content 
Extraction (%) 
Compounds 
Ext. with 
furfural 
(%) 
Compounds 
Ext. with 
2-acetyl 
5-methylfuran  
(%) 
Compounds 
Ext. with 
5-methyl 
furfural 
(%) 
Model Compound 
(A) 
90 91 93 
Model compound 
(B) 
88 89 91 
 
 
Figure 43: Extraction percentages using a 1:1 ratio 
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Figures 44-45 show dibenzotiophene (DBT) and 4,6-dimethyldibenzotiophene  
(4,6-DMDBT) compounds extracted with furfural, 2-acteyl-5methylfuran and  
5-methylfurfural. 
 
Figure 44. Dibenzothiophene (DBT) extraction % 
 
 
 
Figure 45.  4,6-DMDBT extraction %  
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3.7   Model compound analysis by NMR 
 
  High resolution nuclear magnetic resonance was used to record information about 
dibenzothiophene (DBT) and 4,6- dimethyldibenzothiophene (4,6-DMDBT).  In Figure 
46, the red spectrum represents solid state carbon-13 for DBT, whereas the blue 
represents liquid state carbon-13 for the same compound dissolved in deuterated 
chloroform.  In the solid state, the peaks are broad, while in the liquid case they are sharp 
as expected.  All spectral lines, in both solid and liquid, appear in the aromatic region at a 
chemical shift between 120 to 140 ppm. The red line represents DBT as solid state, and 
the blue line represents it in liquid phase 
 
Figure 46.   Liquid 
13
C NMR  and solid state 
13
C  CPMAS NMR spectra of DBT 
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 Figure 47 shows two NMR spectra (solid and liquid) of 4,6- DMDBT. As with the DBT, 
this compound shows the spectral lines at the aromatic regions but, in addition, it shows 
extra spectral lines at the aliphatic region at a chemical shift of about 20 ppm.  The extra 
spectral lines show two peaks and one peak location for the solid and liquid spectra, 
respectively. The methyl carbons appear in this region ~ 20 ppm, as one single peak in 
the liquid spectrum. The molecule in the solid spectrum is more stable, and the two 
methyl carbons are at different orientations. They appear as two separate peaks, 
individually resolved.  
  
 
Figure 47. Liquid 13C NMR and solid state 13C  CPMAS NMR spectra of 4,6-DMDBT 
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Figure 48 shows three proton NMR spectra: the DBT (top), the 4,6-DMDBT (middle) 
and the model compound consist of hexane, thiophene, toluene, hexadecane, DBT, and 
4,6-DMDBT in dodecane. The displayed region of the spectra represents the aromatic 
chemical shift range 7.00-8.5 ppm.  In this region, all the protons attached to the carbon 
atoms in the rings are observed.  The chemical shifts of the spectral lines are 
distinguished according to the electro-negativity of their environment. The higher the 
electro-negativity, the more downfield the atoms shift.   
 
 
Figure 48. Proton NMR spectra of DBT (top), 4,6-DMDBT (middle)  and model 
compound contains hexane, thiophene, toluene, hexadecane, DBT, 4,6-DMDBT in n-C12 
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Model compounds were first extracted with organic solvent and then passed through 
adsorbents.  20 ml of model compound was added to 20 ml of organic solvent (furfural) 
in a 100ml separatory funnel, and then the solution was mixed for about 10-15 minutes. 
After that, the mixture was left for 5-10 seconds for two-phase separation. The model 
compound layer was separated from the organic solvent furfural, and it was injected into 
the GC-FID for measuring the sulfur compounds after extraction. The results showed that 
the sulfur compounds were reduced to less than 100 ppm from the original concentration 
1008 ppm. 10 grams of the model compound, which has less than 100 ppm sulfur 
content, pass through three grams of adsorbents (activated carbon or Zeolite) in order to 
remove the remaining sulfur compounds (DBT and 4,6-DMDBT) in the model compound 
after extraction. The results show that the adsorbent has ability to reduce the sulfur-
containing compounds to less than 10 ppm.    
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Figure 49 shows the effect of the different extractions used. The top spectrum is for 
model compound A after extraction with 5-methylfurfural and activated carbon 
adsorbent. The second spectrum is after extraction by using 1:2 ratio. The third spectrum 
from the top is after extraction by using 1:3 ratio.  The bottom spectrum is for model 
compound A samples before any treatment.  In Figure 47, the decreasing concentration as 
shown by the NMR spectra indicates clearly that DBT and 4,6-DMDBT have been 
removed by extraction and adsorption techniques. From all the reported NMR results, it 
is quite clear that the nuclear magnetic resonance technique is a powerful analytical tool 
which can clearly show the compositions of compounds.  It provides valuable data and 
information about the structures of molecules such as DBT and 4,6-DMDBT. 
 
 
Figure 49: Model compound extracted with organic solvent followed by adsorption 
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CHAPTER 4 
DESULFURIZATION OF DIESEL FUELS BY EXTRACTION 
Sulfur present in transportation fuels leads to emission of sulfur oxide (SOx) into the air, 
and it increases air pollution by inhibiting the performance of air pollution control 
equipment on vehicles. To minimize the negative health and environmental effects from 
automobile exhaust, many countries are seeking a reduction of the sulfur content in motor 
fuel. The aromatic sulfur compounds, including dibenzothiophene (DBT) and their 
alkylated derivatives, strongly resist removal by HDS catalyst. Therefore, the aromatic 
sulfur compounds in diesel present the most difficult challenges to the HDS processes. 
Alternative technologies provide potential solutions for sulfur-free clean fuel by using 
liquid–liquid extraction. Finding out the best way to remove sulfur and aromatic 
compounds will increase the quality of diesel and reduce air pollution. 
4.1   Diesel extraction procedures with organic solvents  
In the first experiment, diesel was mixed with organic solvents using ratio of 1:1 (20ml of 
diesel mixed with 20 ml organic solvents), 1:2 (20ml of diesel mixed with 40 ml organic 
solvents) and1:3 (20ml of diesel mixed with 60 ml organic solvents) and 2:1 (20ml of 
diesel mixed with 10 ml organic solvents). For example, the experiment was conducted 
by taking 20 ml of organic solvent (furfural) in a graduated cylinder and taking 20 ml of 
diesel in a graduated cylinder, by mixing them in a 100 ml separatory funnel and then 
mixing the solution for 10 to 15 minutes to achieve the extraction equilibrium. After that, 
the mixture was kept for 5 to 10 seconds for two-phase separation. Finally, the diesel 
layer was separated from the organic solvent layer. The diesel volume and the solvent 
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volume were measured by a graduated cylinder in order to determine the loss of both 
mixtures. The diesel samples were injected into the GC-FID/SCD to measure the sulfur 
compounds concentration before and after extraction. The experiment was conducted at 
room temperature and atmospheric pressure.   The results show that about 5, 10 and 15 % 
was lost from the diesel with 1:1, 1:2 and 1:3 ratios respectively, as shown in Table 42. 
Table 44. The effect of using furfural for sulfur extractions from diesel 
 
Diesel  
ml  
Furfural  
ml  
Diesel  
recovery  
ml 
Furfural  
recovery  
ml 
Diesel  
lost  
ml 
Diesel  
lost  
% 
20 20 19 11 1 5 
20 40 18 42 18 10 
20 60 17 63 3 15 
20 10  0.5 10.50 0.5 2.5 
 
 
4.1.1   Extractive desulfurization of diesel by using furfural 
Diesel samples were mixed with each organic solvent for 10-15 minutes, as mentioned in 
section 4.1. The solvent separated from the diesel in less than 10 seconds. A 
representative sample was injected into the GC-FID/CSD to measure the sulfur 
compounds concentrations. The results show how the total sulfur content in diesel 
decreased from 4704 ppm to 2513, to 1410, to 1102 and to 780 ppm by using furfural 
with 2:1, 1:1, 1:2 and 1:3 ratios, respectively. This means that about 47 %, 70 %, 76 % 
and 83 % of sulfur compounds were removed from the diesel by using furfural, as shown 
in Table 43.  
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Table 45 Diesel: Extraction of sulfur compounds with furfural  
Analyte 
(DBTs) 
Component 
conc. 
before 
extraction 
(ppm) 
Amount 
Diesel 1:1 
Furfural 
(ppm) 
After ext. 
Amount 
Diesel 
1:2 Furfural 
(ppm) 
After ext. 
Amount 
Diesel 1:3 
Furfural 
(ppm) 
DBT 271 64 48 33 
4MDBT 427 127 82 70 
2MDBT & 
3MDBT 434 70 78 68 
1MDBT 295 94 90 52 
4EtDBT 164 - - - 
46DMDBT 265 95 68 56 
24DMDBT 147 80 69 55 
2EtDBT 80 - -  
36DMDBT 544 191 129 35 
28DMDBT 232 191 180 150 
14DMDBT 464 169 140 100 
13DMDBT 111 35 20 15 
12DMDBT - - - - 
248TMDBT 250 35 - - 
4Et6MDBT 223 100 84 58 
4PropylDBT -   - 
2PropylDBT 183 -  - 
24DMBT 129 49 31 25 
35DMBT  -  - 
23DMBT 280 88 64 48 
257TMBT    - 
234TMBT 245 22 19 15 
Total Sulfur 
compounds 
4704 
 
 
1410 
 
1102 
 
780 
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4.1.2 Extractive desulfurization of diesel by using 2-acetyl-5-methylfuran  
 
To study the efficiency of organic solvents in the removal of sulfur compounds an 
untreated diesel sample was mixed with 2-acetyl-5-methylfuran. The experiment was 
conducted by taking 20 ml of organic solvent (2-acteyl-5-methylfuran) in a graduated 
cylinder and taking 20 ml of diesel in a graduated cylinder, and mixing them in a 100 ml 
separatory funnel, and then mixing the solution for 10 to 15 minutes to achieve the 
extraction equilibrium. After that, the mixture was kept for 5 to 10 seconds for two-phase 
separation. Finally, the diesel layer and the organic solvent layer were separated. The  
diesel volume and the solvent volume were measured by graduated cylinders in order to 
determine the loss of both mixtures. The diesel sample was injected into the GC-
FID/SCD to measure the sulfur compounds concentration before and after extraction. The 
experiment was conducted at room temperature and atmospheric pressure. The organic 
solvent separated from diesel in less than 10 seconds . Table 44 shows that the total sulfur 
content decreased from 4704 ppm to 2284, to 1278, to 907 and to 619 ppm with  2:1, 1:1, 
1:2 and 1:3 ratios respectively, i.e. sulfur compound removal of about 51 % ,  73 % , 81% 
and  87 %.  
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Table 46. Sulfur extraction from diesel with 2- acetyl 5-methylfuran   
 
Analyte 
(DBTs) 
Comp 
Conc. 
Before 
Ext. 
(ppm) 
Comp. Conc. 
After ext with 
(1:1) 
2-Acetyl- 
5-methyl- furan 
(ppm) 
Comp. Conc. 
After ext 
With (1:2) 
2-Acetyl 
5-methyl- furan  
(ppm) 
Comp. Conc. 
After ext 
With  (1:3) 
2-Acetyl- 
5-methyl- furan 
ppm 
DBT 271 61 42 35 
4MDBT 427 173 126 74 
2MDBT & 
3MDBT 
434 105 88 65 
1MDBT 295 89 57 35 
4EtDBT 164 38 - - 
46DMDBT 265 85 66 42 
24DMDBT 147 39 35 19 
2EtDBT 80 -  - 
36DMDBT 544 155 92 93 
28DMDBT 232 75 70 - 
14DMDBT 464 144 103 89 
13DMDBT 111 29 30 18 
248TMDBT 250 - - - 
4Et6MDBT 223 89 43 34 
2Propyl- 
DBT 
183 -  - 
24DMBT 129 44 31 28 
23DMBT 240 133 106 72 
234TMBT 245 19 18 15 
Total Sulfur 
compounds 
4704 
 
1278 
 
907 619 
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4.1.3 Extractive desulfurization of diesel by using 5-methylfurfural 
 
Table 45 displays how the sulfur compounds concentrations in diesel decreased from 
4704 ppm to 2159, to 828, to 519 and to 325 ppm by using 5-methyl furfural  with ratios 
of 2:1, 1:1 , 1:2 and 1:3 ratio, respectively. Thus, 5-methylfurfural has the ability to 
reduce sulfur compounds by up to 93 % in diesel, as shown in Table 45. 
 Table 47. Extraction of sulfur from diesel with 5-methylfurfural   
 
Analyte 
(DBTs) 
Component 
Conc.  
Before 
Extraction 
ppm 
Component 
conc. ext  
with  
5-methyl 
furfural  
2:1 
ppm 
Component  
Conc. ext  
with  
5-methyl 
furfural  
1:1 
ppm 
Component 
Conc. ext  
with  
5-methyl 
furfural  
1:2 
ppm 
Comp. 
Conc. ext  
with  
5-methyl 
furfural  
1:3 
ppm 
DBT 271 155 75 45 32 
4MDBT 427 220 85 63 25 
2MDBT & 
3MDBT 434 240 108 52 48 
1MDBT 295 208 135 82 38 
4EtDBT 164 130 - -  
46DMDBT 265 95 75 40 25 
24DMDBT 147 90 - -  
2EtDBT 80 72 - -  
36DMDBT 544 208 161 82 52 
28DMDBT 232 125 106 98 72 
14DMDBT 464 120    
13DMDBT 111 79   - 
248TMDBT 250 77    
4Et6MDBT 223 100    
2PropylDBT 183 40    
24DMBT 129 30    
23DMBT 240 100 45 32 15 
257TMBT      
234TMBT 245 70 38 25 18 
Total Sulfur 
compounds 
ppm 
4704   2159 
 
828 
 
519 
 
325 
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Figure 50 compares the efficiency of all three organic solvents in removing sulfur 
compounds from diesel. It is clear that 5-methylfurfural is more efficient than furfural 
and 2-acteyl-5-methylfuran for this purpose.  
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Figure 50. Sulfur compounds extraction %  
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Figures 51 to 52 show the sulfur species in reference diesel samples before and after 
treatment with organic solvents. 
 
 
Figure 51. Sulfur species of diesel (top) chromatogram, diesel extracted with 5-
methylfurfural 1:3 ratio (middle) and diesel extracted with 1:3 furfural (bottom) 
chromatogram 
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Figure 52. Sulfur species of diesel (top) chromatogram, diesel extracted with 5-methyl- 
furfural 2:1 ratio (middle) and diesel extracted with 2:1 furfural (bottom) chromatogram  
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4.1.4 Deep desulfurization of diesel by using extraction and adsorption techniques 
The diesel sample was desulfurized in two steps: extraction using organic solvent and 
then adsorption using activated carbon. In the first experiment, 20 ml of diesel sample 
was added to 20 ml of organic solvent (5-methylfurfal) in a 100 ml separatory funnel. 
The solution was mixed for about 10 to 15 minutes to achieve the extraction equilibrium, 
and then the solution was kept for about 5 to 10 seconds for two-phase separation. The 
diesel sample layer was separated from the organic solvent layer, and it was injected into 
the GC-FID/SCD to measure the sulfur species.  
The second experiment was conducted by taking 10 ml of the diesel sample which was 
extracted with organic solvent, and passing it through 5 grams of activated carbon in 
order to reduce the sulfur compounds concentration to less than 10 ppm. Both 
experiments were conducted at room temperature and atmospheric pressure. 
The diesel sample contained 1000 ppm before treatment. Then, after treatment the sulfur 
content was reduced to < 10 ppm by using the direct extraction and adsorption method.  
The results of the desulfurization of diesel are presented in Figure 53. 
 The green chromatogram shows the sulfur species in the diesel sample some of 
the sulfur species in this diesel are known to be very difficult to remove by 
conventional hydrotreating. 
 The blue chromatogram shows the sulfur remaining in the diesel fuel after the 
sulfur components have been removed by a simple extraction process. 
 The red chromatogram shows the sulfur remaining in the diesel fuel after the 
sulfur components have been removed by a simple extraction process and further 
reduced by an adsorption process. 
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Figure 53. Sulfur species chromatogram of diesel sample before and after extraction and 
adsorption  
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CHAPTER 5 
DESULFURIZATION OF ARABIAN CRUDE OIL BY EXTRACTION 
Arabian crude oils (light, heavy and medium) were mixed with organic solvents in a 1:1 
ratio (30 mL of crude oil mixed with 30 mL organic solvent) and  a 1:2 ratio ( 30 mL of 
crude oil mixed with 60 mL of organic solvent) in order to study how the two phases 
separated. Mixtures of each crude oil with organic solvent were shaken intermittently 
over a 30-minute period in 100 mL separatory funnels, and kept for 2 hours for phase 
separation. The experiment was conducted at room temperature and atmospheric 
pressure. The crude oils were mixed with the following organic solvents: 
Table 48: Phase separation results 
 
Crude oils 
(light , medium 
and heavy) mL 
Organic 
solvents 
30 mL 
Observations Separation period 
30 Acetone 
 
No clear separation 
between two phases 
2  hours no clear 
separation 
30 Furfural No clear separation 
between two phases 
2  hours no  
separation 
30 Methanol No clear separation 
between two phases 
2  hours no clear 
separation 
30 2-Acetyl 5-
methyl furan 
No separation between 
two phases 
2 hours no  
separation 
30 Furan No separation between 
two phases 
2 hours no  
separation 
30 5- Methyl 
furfural 
No separation between 
two phases 
2 hours no  
separation 
30 Furfuryl 
alcohol 
No clear separation 2 hours no  clear 
separation 
 
The separation between crude oil and the organic solvents (furfural, 2-acety-5-methyl 
furan, 5- methyl furfural and furan) was difficult. Even though the densities are different, 
no clear separation occurred between the two layers. Only when water was added did the 
two phases of crude oil and organic solvent separate easily. It was noticed that upon 
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addition of droplets of water the two layers (crude oil and organic solvent)  separated 
quickly. Water can be used only if solvent density is more than 1.0, since the density of 
Arabian crude oil is less than 0.90 and water density is 0.99. Therefore, water will be 
trapped between crude oil and the organic solvent layer. 
5.1 Crude oil extracted with organic solvents whose density exceeds 1.0 
Heavy crude oil was mixed with the organic solvents for about 30 minutes, and then 10-
20 ml of water were added to improve the separation between the crude oil and the 
organic solvents. The density of the organic solvents must be more than water density 
(0.99 g/ml) because crude oil will lie at the top layer, water between and organic solvent 
(including sulfur compounds) in the bottom layer. When water is available, it can remove 
some sulfur compounds and it is easily separated from crude oil. 
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To reduce sulfur compounds the Arabian heavy crude oil (density 0.8917 g/ml) was 
mixed at room temperature and atmospheric pressure with furfural (density 1.16 g/ml) at 
a ratio of 1:1 (30 mL of crude oil mixed with 30 mL organic solvent) and 1:2 (30 mL of 
crude oil mixed with 60 mL of organic solvent). The crude oil-organic solvent mixtures 
were shaken intermittently over a 30 minute period in 100 mL separatory funnels, and 
then 10 ml of water were added to enhance the separation between the two phases. The 
crude oil, organic solvent and water layers were separated, and the final volume was 
measured in a graduated cylinder. The crude oil and organic solvent loss was calculated 
by measuring the initial volume of crude oil and organic solvent before extraction and by 
measuring the volume after extraction by a graduated cylinder. The difference between 
the initial volume of crude oil and the final volume of crude oil after extraction will be 
the lost percentage, as shown in Table 47.  The experiment was conducted at room 
temperature and atmospheric pressure. Table 47 shows that about 5%  and 10% was lost 
from the crude oil with 1:1 and 1:2 respectively. The result of the experiment was that 65 
and 70 % of sulfur content were removed by using a 1:1 and 1:2 ratio, respectively.   
Table 49. The effectiveness of furfural extraction in crude oil 
 
Crude oil  
mL 
  
Furfural  
 mL  
Crude oil  
recovery  
mL 
Furfural  
recovery  
mL 
Crude oil 
lost  
mL 
Crude oil  
lost  
% 
20 20 19 21 1 5 
20 40 38 42 2 10 
 
 
 
 
 114 
When the heavy crude oil (density 0.8917 g/ml) was mixed with 5-methylfurfural 
(density 1.10g/ml) at room temperature and atmospheric  pressure, the results were 
similar. About 5%  and 10% was lost from the crude oil with 1:1 and 1:2 respectively as 
shown in Table 48 . 
Table 50. The effectiveness of 5-methylfurfural extraction in crude oil 
 
Crude oil  
mL 
  
5-Methyl 
Furfural  
 mL  
Crude oil  
recovery  
mL 
5-Methyl 
Furfural  
recovery  
mL 
Crude oil 
lost  
mL 
Crude oil  
lost  
% 
20 20 19 21 1 5 
20 40 38 42 2 10 
 
The total sulfur content of the crude oil was measured before and after extraction with 5-
methylfurfural. The results were that about 66 % and 73% of sulfur compounds were 
removed by using 1:1 and 1:2 ratios.  
Furfuryl alcohol was mixed with Arabian heavy crude oil in a 1:1 and 1:2 ratio, and 10-
20 ml of water were added to enhance the separation time. In other words, about 60-66 % 
of sulfur compounds were removed from Arabian crude oil by using these ratios with 
furfuryl alcohol. The percentage of sulfur compounds was calculated by measuring the 
total sulfur content before and after extraction by using X-Ray fluorescence or GC-
FID/SCD. 
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5.2 Crude oil extracted with organic solvents which their density is less than 1.0 
Arabian heavy crude oil was mixed with the following organic solvents in 1:1 and 1:2 
ratios at room temperature and at normal atmospheric pressure. 
Acetone :   Density  0.79 g/ml  
Furan :       Density  0.936 g/ml 
Methanol:   Density 0.791 g/ml  
Diacetyl:     Density 0.99 g/ml  
No clear separation could be seen between the two phases even though the mixture was 
kept 6 hours. Water could not be added to improve the separation since these organic 
solvents, like the crude oil itself, are lighter than water.      
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CHAPTER 6 
DESULFURIZATION BY USING ADSORBENTS 
6.1 Composition of adsorbents 
Activated carbon, Y-zeolite and H-Y-zeolite were tested for their ability to remove sulfur 
compounds from model diesel and diesel. The composition of zeolite was determined by 
using EDXRF as indicated in Table 51.   
Table 51. Elemental analysis results by EDXRF 
 
ELEMENT 
Sample #1 
Y-zeolite 
(Wt. %) 
Sample #2 
H-Y-zeolite 
(Wt. %) 
Si 45.8 26.6 
Al 3.2 22.1 
Na 0.5 0.5 
Ca - 0.4 
Mg - 0.6 
K 700 mg/kg 0.2 
Fe <500 mg/kg 0.2 
Ti 800 mg/kg 700 mg/kg 
S 700 mg/kg 700 mg/kg 
P 600 mg/kg <500 mg/kg 
Cl - <500 mg/kg 
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6.2  Desulfurization of model compound by adsorbents 
Sulfur compounds were removed from model compounds by the organic solvents (5-
methylfurfural) by using a 2:1 ratio, and they were then passed through an adsorbent 
(activated carbon) to remove the sulfur compounds that remained in the model 
compound.  The results show that about 61 % of the sulfur compounds were removed by 
5-methylfurfural in a 2:1 ratio. DBT and 4,6-DMDBT were completely removed by 
activated carbon. Sulfur content was reduced to less than 10 ppm when extracted with 5-
methylfurfural followed by adsorbent. The DBT comes at 16.64 minutes. The final peak 
of the model compound, which is 4,6-DMDBT, appears at 18 minutes before extraction 
using GC-FID/SCD. However, after extraction and adsorption, the sulfur compounds 
(DBT and 4,6-DMDBT) do not appear, as shown in figure 54. 
   
 
Figure 54. Sulfur compounds removal by extraction followed by adsorbent 
 
 
 
 
 
DBT and 4,6DMDBT before 
Extraction   
 
DBT and 4,6-DMDBT after  
Extraction and adsorption   
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6.3  Arabian crude oil desulfurization using adsorbents 
 
Sulfur compounds were removed from Arabian crude oil by using activated carbon, H-Y-
zeolite, Y-zeolite , Y-zeolite-Ni  at room temperature and normal atmospheric pressure. 
Three grams of each adsorbent were added to 30 grams of crude oil.  The mixtures of 
crude oil with adsorbents were shaken for 60 minutes using a shaker instrument. The 
experiment was conducted at room temperature and normal atmospheric pressure. The 
total sulfur content was measured before and after the use of the adsorbents.   
6.3.1 Heavy crude oil 
The adsorbents were kept in an oven  for about four hours at 250 ºC to remove all 
moisture. Total sulfur of each crude oil before any treatment was measured by the XRF 
instrument, and then 30 grams of each crude oil were added to 3 grams of each adsorbent.    
The mixture were shaken intermittently over a 30-minute period in 100 mL separatory 
funnels, and the crude oil layer was separated from each adsorbent. The total sulfur 
content was measured. The difference between the original concentration and the final 
concentration after extraction will be the sulfur content extraction percentage.  The 
results showed that 62 % of the sulfur compounds were removed from Arabian heavy 
crude oil by using Y-zeolite –Ni, about 55% using Y-zeolite powder, 5 % using H-Y-
zeolite pellets and about 15 %  using activated carbon, as shown in Figure 55.   
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Figure 55. Extraction of sulfur compounds from Arabian heavy crude oil by using 
adsorbents. 
 
6.3.2 Medium crude oil  
 
The results showed that 40 % of sulfur compounds were removed from Arabian medium 
crude oil by using Y-zeolite–Ni, about 35% using Y-zeolite powder, 32 % using H-Y-
zeolite pellets and about 25 % by using activated carbon. 
6.3.3 Light crude oil 
 
In this extraction, 32 % of sulfur compounds were removed from Arabian light crude oil 
by using Y-zeolite–Ni, about 26 % by using Y-zeolite powder, 8 % by using H-Y-zeolite 
pellets and about 25 % by using activated carbon. 
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Figure 56. Extraction of sulfur compounds from Arabian light crude oil.  
 120 
CHAPTER 7 
CONCLUSION AND RECOMMENDATIONS  
7.1 Conclusion  
This investigation studied the extractive reduction of refractive aromatic sulfur 
heterocycles in petroleum matrices.  A direct solvent extraction method was developed 
that is capable of reducing sulfur by more than 90 %.  The extraction was developed by 
using a model system, and then it was applied on diesel and crude oil samples.  In the 
model system, DBT and highly refractive DBT derivatives 4,6-DMDBT were reduced to 
less than 100 ppm from originally 1008 ppm by using 5-methylfurfural or 2-acetyl-5-
methylfuran.  The concentration of sulfur compounds in diesel was reduced by more than 
90 % from 4704 to less than 300 ppm by using furfural or 2-acetyl-5-methylfuran as the 
extracting agent.  The sulfur content in Arabian heavy crude oil was reduced by about 
70 % from 3 wt % to 1 wt % by using 5-methylfurfural or furfuryl alcohol.  Deep 
desulfurization down to less than 10 ppm was demonstrated for diesel and crude oil 
fractions by a combination of two steps: liquid–liquid extraction and passing the 
extracted stream on an adsorbent such as activated carbon or Y-zeolite-Ni.  The 
developed process works with mild operation conditions (room temperature and 
atmospheric pressure), giving it an advantage over the current technology (40 bar 
hydrogen atmosphere in deep desulfurization by conventional hydrodesulfurization). 
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7.2  Recommendations 
The successfully demonstrated desulfurization process should be up-scaled from the 
laboratory scale to a pilot plant with a solvent extraction and regeneration column.  
Furfural, 5-methylfurfural, 2-acetyl-5-methylfuran and furfural alcohol should be tested 
for their sulfur removal capacities in kerosene, gasoline and diesel.  In addition, these 
solvents should be studied at elevated temperatures (50, 100, and 150 º C) and different 
pressures to increase the efficiency while maintaining or improving the selectivity for 
sulfur compounds over aromatic, aliphatic and olefins hydrocarbons.  Also, studying and 
optimizing the recycling behavior of the sulfur compound-saturated solvents after 
extraction is necessary to commercialize the reported process. 
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